EPA/540/R-95/503
April1999

Zenon Environmental Inc.

ZenoGem ® Biological and
Ultrafiltration Technology

Innovative Technology Evaluation Report

National Risk Management Research Laboratory
Office of Research and Development
U.S. Environmental Protection Agency
Cincinnati, Ohio 45268



Notice

The information in this document has been funded by the U. S. Environmental Protection Agency (EPA) under Contract No.
68-C5-0037 to Tetra Tech EM Inc. It has been subjected to the Agency's peer and administrative reviews and has been
approved for publication as an EPA document. Mention of trade names or commercial products does not constitute an
endorsement or recommendation for use.



Foreword

The U. S. Environmental Protection Agency (EPA) is charged by Congress with protecting the Nation's land, air, and water
resources. Under a mandate of national environmental laws, the Agency strives to formulate and implement actions leading to
a compatible balance between human activities and the ability of natural systems to nurture life. To meet this mandate, EPA's
research program is providing data and technical support for solving environmental problems today and building a science
knowledge base necessary to manage our ecological resources wisely, understand how pollutants affect our health, and prever
or reduce environmental risks in the future.

The National Risk Management Research Laboratory is the Agency's center for investigation of technological and manage-
ment approaches for reducing risks from threats to human health and the environment. The focus of the Laboratory's researct
program is on methods for the prevention and control of pollution to air, land, water and subsurface resources; protection of
water quality in public water systems; remediation of contaminated sites and groundwater; and prevention and control of
indoor air pollution. The goal of this research effort is to catalyze development and implementation of innovative, cost-
effective environmental technologies; develop scientific and engineering information needed by EPA to support regulatory and
policy decisions; and provide technical support and information transfer to ensure effective implementation of environmental
regulations and strategies.

This publication has been produced as part of the Laboratory's strategic long-term research plan. It is published and made
available by EPA's Office of Research and Development to assist the user community and to link researchers with their clients.

E. Timothy Oppelt, Director

National Risk Management Research Laboratory



Abstract

Zenon Environmental Inc. (Zenon), of Burlington, Ontario, Canada has developed an innovative wastewater treatment
technology called the ZenoGéntechnology. The ZenoGéntechnology integrates biological treatment with membrane-
based ultrafiltration to treat wastewater with high concentrations of organic contaminants that cause elevated conckntrations o
chemical oxygen demand (COD). The system reduces organic contaminants in wastewater to below regulatory limits,
improves effluent quality, reduces sludge production, resists contaminant shock-loading, and, by maintaining a long sludge
retention time, reduces the size of the bioreactor necessary for performing bioremediation.

The Superfund Innovative Technology Evaluation (SITE) demonstration occurred between September and December 1994 at
the Nascolite Superfund site (Nascolite) in Millville, Cumberland County, New Jersey. In 1985, a remedial investigation and
feasibility study at the Nascolite site revealed that groundwater was contaminated with methyl methacrylate (MMA), volatile
organic compounds (VOC), and heavy metals.

The basic components of the ZenoGeystem are an influent-holding equalization tank, a bioreactor, an air blower, a pH
buffer tank, a nutrient solution tank, an ultrafiltration module, optional off-gas carbon filters, optional permeate t¢arbon fil

and feed, process, and metering pumps. The system components are computer-controlled and equipped with alarm indicator:
to notify the operator of mechanical and operational problems.

During the SITE demonstration, critical and noncritical measurements were evaluated. Critical measurements consisted of
sample analyses and process measurements that directly impacted meeting the project’s primary technical objective. Critical
measurements included collection of liquid and air samples for MMA and VOC analyses; liquid samples to evaluate COD; and
flow rate measurements of the influent and effluent liquid streams. Noncritical, or system condition measurements, provided
information on operating ranges, reliability, variability, cost-effectiveness, and full-scale remediation potential of the
technology.

The results of the sample analyses indicated that the technology consistently surpassed the demonstration goal of 95 percer
reduction for MMA (99.99+ 0.01 percent) and COD (96485.0 percent). The high removal efficiency for MMA and
reduction of COD was maintained after a 3-fold concentration was delivered to the system (shock-loading test), suggesting that
a sudden increase in influent MMA and COD concentration had little noticeable effect on the technology's performance.
Reductions of greater than 97 percent were noted in all VOCs reported (methylene chloride, trichloroethene, benzene, toluene,
and o+p xylenes). Based on extrapolation from the air sample concentration data and the flow meter readings, the total
volatilization of MMA and VOCs from the system calculated less than 0.10 percent of the total MMA and VOC mass treated
during the demonstration. No major operating problems occurred during the SITE demonstration period; no significant
changes in technology performance were observed during the SITE demonstration.

EPA SITE Program personnel prepared this Innovative Technology Evaluation Report (ITER) to present the results of the
SITE Program demonstration. The ITER evaluates the ability of the Zerfa&eimology to treat contaminated groundwater

based on the demonstration results. Specifically, this report discusses performance and economic data collected by SITE
Program personnel, and also presents case studies and additional information about the technology provided by Zenon.
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Executive Summary

Zenon Environmental Inc. (Zenon), of Burlington, production, resists contaminant shock-loading, and, by
Ontario, Canada has developed an innovative wastewat®aintaining a long sludge retention time, reduces the size
treatment technology called the ZenoGetachnology. of the biological reactor (bioreactor) necessary for
This technology is designed to treat groundwater, landfiberforming bioremediation.
leachate, industrial effluent, or soil-washing effluent
contaminated with high concentrations of organicThis system uses ex-situ bioremediation to treat
compounds. The ZenoGeértechnology uses aerobic contaminated groundwater in an enclosed suspended
biological treatment to remove biodegradable organigrowth bioreactor. According to Zenon, the ZenoGem
compounds from the target influent and ultrafiltration toprocess derives an advantage over conventional wastewater
separate residual suspended solids from the treaté@atment processes due to its membrane-based
effluent. ultrafiltration technology. The ultrafilter not only filters
the treated water (permeate) prior to discharge and
The purpose of this Innovative Technology Evaluatiorrecycles the biological solids (concentrate), but also
Report (ITER) is to present information that will assistrecovers the higher-molecular-weight soluble materials
Superfund decision-makers in evaluating this technologythat would otherwise pass through conventional clarifiers
suitability for remediating a particular hazardous wastand filters. These higher-molecular-weight materials are
site. The report provides an introduction to the Superfunetturned to the bioreactor for further biodegradation prior
Innovative Technology Evaluation (SITE) Program ando ultimate discharge. The combination of biological
the ZenoGermtechnology and discusses the demonstratiotreatment with ultrafiltration proves to be an effective
objectives and activities, evaluates the technology’sneans of not only degrading organic compounds, but also
effectiveness, analyzes key factors pertaining tin minimizing the amount of waste solids typically
application of this technology, analyzes the cost of usingssociated with biological treatment operations.
the technology to treat contaminated groundwater and
leachate, and summarizes the technology’s current stat@verview of the ZenoGem © Technology SITE
Demonstration
This executive summary briefly summarizes the
information discussed in the ITER and evaluates th&he SITE demonstration of the ZenoGetechnology
technology with respect to the nine criteria used iroccurred between September and December 1994 at the

Superfund feasibility studies. Nascolite Superfund site (Nascolite) in Millville,
Cumberland County, New Jersey. Nascolite manufactured
Technology Description acrylic plastic sheets at the site from 1953 to 1980. The

company used methyl methacrylate (MMA) monomer as a
The ZenoGerhtechnology integrates biological treatmentraw material and operated a MMA reclamation process.
with membrane-based ultrafiltration to treat wastewategolid acrylic, liquids, and resins containing MMA were
with high concentrations of organics contaminants thgburchased from outside sources. This material was
cause elevated concentrations of chemical oxygeprocessed through depolymerization, using a molten lead
demand (COD). Zenon claims that the process reducesth followed by distillation and purification. Waste
organic contaminants in wastewater to below regulatorgesidue from the distillation processes was stored in
limits, improves effluent quality, reduces sludgeseveral underground storage tanks in the northern plant



area. In 1985, a remedial investigation and feasibilitye Estimate approximate capital and operations and
study at the Nascolite site revealed that groundwater was maintenance (O&M) costs for the demonstration and
contaminated with MMA, various other EPA target for full-scale remediation

compound list (TCL) volatile organic compounds (VOC),
and heavy metals. During the SITE demonstration, critical and noncritical

measurements were evaluated. Critical measurements

For the SITE Program demonstration, a pilot-scal€onsisted of sample analyses and process measurements
ZenoGerfi system was used to treat groundwater at th#hat directly impacted meeting the project's primary
Nascolite site. For the SITE demonstration, the pilot-scal@chnical objective. ~ Critical measurements included
system was housed in a transportable trailer, whicgollection of liquid and air samples for MMA and TCL
required a 12-foot by 60-foot area to support the systeMOC analyses; liquid samples to evaluate COD; and flow
and its components’ maximum operating weight of 45,0008te measurements of the influent and effluent liquid
pounds. Zenon indicated that these measurements &t&€ams. Flow rate measurements were used during

specific to the trailer used for the SITE demonstration, anglculations of the ZenoGénsystem'’s total reduction of
that Zenon’s projects usually do not include a trailerMMA, TCL VOCs, and COD concentrations between the
mounted system. influent and effluent streams.

The basic components of the ZenoGesystem used in Noncritical, or system condition measurements, provided
the demonstration include: an influent-holding equalizatiofinformation on operating ranges, reliability, variability,
tank, a bioreactor, an air blower, a pH buffer tank, &ost-effectiveness, and full-scale remediation potential of
nutrient solution tank, an ultrafiltration module, optionalthe technology. System measurements included sample
off-gas carbon filters, optional permeate carbon filters¢ollection and laboratory analyses for the following: total
and feed, process, and metering pumps. According f/spended solids, volatile suspended solids, total metals,
Zenon, off-gas and permeate carbon filters are ndtal organic carbon, nutrients (ammonia, nitrate/nitrite,
standard components of the ZenoGeystem; however, and phosphate), oxygen, acarbon dioxide. System
carbon filters may be used depending on site-specifi@easurements also included measurements for pH,
conditions. The system components are computelissolved oxygen, temperature, oxidation reduction
controlled and equipped with alarm indicators to notify théPotential, and specific gravity.

operator of mechanical and operational problems. The

entire pilot-scale system, except for the main air blowepamples indicated that influent groundwater during the
and optional carbon filters, is mounted inside the 8-foot bglemonstration contained MMA concentrations ranging
48-foot trailer. The trailer also is equipped with afrom 567 to 9,500 milligrams per liter (mg/L); methylene

laboratory that enables field personnel to evaluate systephloride concentrations ranging from 500 to 15,300
performance. micrograms per liter (ug/L); trichloroethene concentrations

ranging from 852 to 905 pg/L; benzene concentrations
The primary objective of the SITE demonstration was agnging from 279 to 282 pg/L (these were the only two
follows: detections of the contaminant in the influent during the
demonstration); and COD concentrations ranging from
« Determine if the ZenoGeM treatment system 1,490 to 19,600 mg/L. Toluene and the o- and p- forms of
(integrating the bioreactor and ultrafiltration unit as axylenes were detected only once during the demonstration
whole) can achieve a 95 percent or greater removat ~ concentrations of 105 pg/L and 14,400 pgiL,
efficiency for MMA and TCL VOCs and reduce COD respectively.

at a 95 percent confidence level
Based on SITE Program data and postdemonstration data

The secondary objectives of the demonstration were abtained by Zenon, the average flow rates for the pilot-
follows: scale unit ranged between 380 to 620 gallons per day
(gpd). Based on the daily flow rates, the system treated
» Evaluate system performance by measuring systeabout 47,200 gallons of contaminated groundwater during
parameters that will provide data on operating rangethe demonstration.
reliability, variability, cost-effectiveness, and full-
scale remediation potential



SITE Demonstration Results the total MMA and TCL VOC mass treated during the

demonstration.

The following items summarize the significant results of
the SITE demonstration: * No major operating problems occurred during the

SITE demonstration period; no significant changes in

The permeate MMA removal efficiencies consistently ~ technology performance were observed during the
surpassed the demonstration goal of 95 percent SITE demonstration.

reduction. The average removal efficiency for MMA _

was greater than 99.980.01 percent for the 3 month COSt Analysis

demonstration. MMA analyses from the treated = ) ] ]
effluent stream following the optional permeateus'”g information obtained from the SITE demonstration,

carbon filters improved the average removall€non, and other sources, a cost analysis examined 12 cost
efficiency of the system to 99.990.01 percent. The categories for two different hypothetical applications of
high removal efficiency for MMA was maintained the ZenoGerntechnology. Case 1 assumes that a rented,
after a 3-fold concentration was delivered to thdrailer-mounted system treats groundwater at a rate of
system (shock loading test), suggesting that a suddér*00 gpd for a 1-year period. Case 2 assumes that a
increase in influent MMA concentration had little Mmodular (skid-mounted) system will be purchased and
noticeable effect on the technology’s performance. US€d to treat leachate at a rate 1,400 gpd for a 10-year
period. The cost estimate assumed that the site
The permeate COD reduction efficiencies varied fronlydrogeology and the general types and concentrations of
84.7 percent to 95.6 percent, yielding an overall COD CL VOCs were the same as those encountered during the
reduction efficiency of 88.6- 8.4 percent. COD Nascolite demonstration. Based on these assumptions, the
analyses from the treated effluent stream followingotal costs for Case 1 were estimated to be about $0.50 per
the optional permeate carbon filters improved théallon of groundwater treated and for Case 2 were
average reduction efficiency of the system to 96.8 estimated to be $0.22 per gallon of leachate treated. The
5.0 percent. The high reduction efficiency for CODestimated Case 1 cost per gallon is approximately 55
was maintained after the shock loading testpercenthigherthan the cost per gallonin Case 2, primarily
suggesting that a sudden increase in influent COPUe to the assumed short length of the remediation period
concentration had little noticeable effect on thdn Case 1, which limits the volume potentially treated.
technology’s performance. Costs for actual applications of the ZenoGeethnology
may vary significantly from these estimates, depending on
Due to high MMA concentrations in the influent, the site-specific factors.
laboratory was unable to analyze aqueous TCL VOC
samples at a low enough dilution factor to quantify theSuperfund Feasibility Study Evaluation Criteria
low concentrations of TCL VOCs. Therefore, for the ZenoGem © Technology
detection limits were low enough in only five of 71
samples collected to quantify TCL VOC Table ES-1 briefly discusses an evaluation of the
concentrations. Consequently, removal efficiencieZenoGerfi technology with respect to the nine evaluation
for individual TCL VOCs could not be calculated for criteria used for Superfund feasibility studies when
the majority of the samples collected during theconsidering remedial alternatives at Superfund sites.
demonstration. Reductions of greater than 97 percent
were noted in all TCL VOCs reported (methylene
chloride, trichloroethene, benzene, toluene, and o- and
p- Xylenes).

Based on extrapolation from the air sample
concentration data and the flow meter readings, the
total volatilization of MMA and TCL VOCs from the
system calculated was computed to be about 411
grams. This value represent less than 0.10 percent of



Table ES-1. Superfund Feasibility Study Evaluation Criteria for the ZenoGem® Technology

Criterion

Discussion

Overall Protection of Human
Health and the Environment

Compliance with Applicable or
Relevant and Appropriate
Requirements (ARAR)

Long-Term Effectiveness and
Permanence

Reduction of Toxicity, Mobility,
or VVolume Through Treatment

Short-Term Effectiveness

The technology is expected to protect human health and the
environment by degrading organic contaminants in
groundwater to innocuous materials such as carbon dioxide,
methane, water, inorganic salts, microbial biomass, and other
by-products that are less hazardous than parent materials.

The technology's ability to comply with existing federal, state,
or local ARARs should be determined on a site-specific basis.

The treated effluent was accepted for discharge by the local
publicly owned treatment works during the Nascolite
demonstration.

Human health risk can be reduced to acceptable levels by
treating groundwater to site-specific cleanup levels; the time
needed to achieve cleanup goals depends primarily on
contaminant characteristics and system flow rates.

The results of a shock-loading test indicated that the
technology resisted upsets due to instantaneous increases in
MMA and COD concentrations in the influent stream. MMA
and COD removal efficiencies remained greater than 95
percent in the treated effluent.

The mixed liquor is retained in the bioreactor for sufficient time
to allow the microorganisms to degrade the biodegradable
organic contaminants into innocuous materials such as carbon
dioxide, water, inorganic salts, microbial biomass, and other
by-products that are less hazardous than parent materials.

Zenon can reduce the volume of waste sludge for disposal by
continuously recirculating the contents through the
ultrafiltration module. This procedure dewaters and
concentrates the sludge, yielding a smaller volume for
disposal.

The results of the demonstration indicate that the technology
degrades MMA, TCL VOCs, and reduces COD.




Table ES-1.

Superfund Feasibility Study Evaluation Criteria for the ZenoGem® Technology (continued)

Criterion

Discussion

Implementability

Cost

Community Acceptance

State Acceptance

The actual amount of space required for the ZenoGem®
system depends on the size of the system used. For
the Nascolite demonstration, the pilot-scale system was
housed in a transportable trailer. The trailer requires a
12-foot by 60-foot area to support a maximum operating
weight of 45,000 pounds.

The site must be accessible to typical construction
equipment and delivery vehicles.

Additional space (beyond the 720 square feet required
for the treatment technology) is required for optional
untreated and treated groundwater storage tanks, and a
drum staging area for generated wastes. Additionally, a
building or shed is useful to protect supplies. Other
installation and monitoring requirements include
security fencing and access roads for equipment
transport.

The ZenoGem® technology is not designed to operate
at temperatures near or below freezing. If such
temperatures are anticipated, the technology and
associated storage tanks should be installed in a
climate-controlled environment. In addition,
aboveground piping to the technology must be
protected from freezing.

The ZenoGem® technology requires 460-volt, 3-phase,
60-hertz, 30-ampere electrical service.

A rented system operating for a 1-year period results in
total fixed and variable costs of about $263,800. This
total results in a cost of $0.50 per gallon treated. A
purchased system operating for a 10-year period results
in total fixed and variable costs of about $1,200,000.
This total results in a cost of $0.22 per gallon treated.

This criterion is generally addressed in the record of
decision after community responses are received during
the public comment period. However, because
communities are not expected to be exposed to harmful
levels of VOCs, noise, or fugitive emissions, community
acceptance of the technology is expected to be
relatively high.

This criterion is generally addressed in the record of
decision; state acceptance of the technology will likely
depend on the long-term effectiveness of the
technology.




Section 1
Introduction

This section describes the Superfund Innovativ@rotection of human health and welfare and the

Technology Evaluation (SITE) Program and theenvironment.

Innovative Technology Evaluation Report (ITER);

provides background information on bioremediation andhe SITE Program consists of the following four

the Zenon Environmental Systems Inc. (Zenon)programs: (1) the Emerging Technology Program, (2) the

ZenoGemfi biological and ultrafiltration technology; Demonstration Program, (3) the Characterization and

provides an overview and objectives of the SITEMonitoring Program, and (4) the Technology Transfer

demonstration; and provides a list of key contacts. Program. This ITER was prepared under the SITE
Demonstration Program.

1.1  Description of SITE Program and

Reports The objective of the SITE Demonstration Program is to

provide reliable performance and cost data on innovative

This section provides information about (1) the purposé,ecmomgJIeS SO that potential users can assess a given

history, and goals of the SITE Program: and (2) the reporﬁgchnology’s suitability for specific cleanups. To produce
used té document SITE demonstratior; results useful and reliable data, demonstrations are conducted at

hazardous waste sites or under conditions that closely
. simulate actual waste site conditions.
1.1.1 Purpose, History, and Goals of the

SITE Program Information collected during the demonstration is used to

_ _ assess the performance of the technology, the potential
The primary purpose of the SITE Program is to advancgeed for pre- and posttreatment processing of the waste,
the development and demonstration, and thereby establig{e types of wastes and media that may be treated by the
the commercial availability, of innovative treatment anCtechnoIogy, potential operating problems, and the
monitoring technologies applicable to Superfund an@pproximate capital and operating costs. Demonstration
other hazardous waste sites. The SITE Program Wasgormation also can provide insight into a technology’s

established by the U.S. Environmental Protection Agen%ng_term operating and maintenance (O&M) costs and
(EPA) Office of Solid Waste and Emergency Responsgng-term application risks.

(OSWER) and Office of Research and Development
(ORD) in response to the Superfund Amendments andach SITE demonstration evaluates a technology’s
Reauthorization Act of 1986 (SARA), which recognizedperformance in treating waste at a particular site.
the need for an alternative or innovative treatmengyccessful demonstrations of a technology at one site or
technology research and demonstration program. Thgh a particular waste does not ensure its success at other
SITE Program is administered by ORD’s National Risksites of for other wastes. Data obtained from the
Management Research Laboratory. The overall goal @femonstration may require extrapolation to estimate a
the SITE Program is to carry out a program of researchange of operating conditions over which the technology
evaluation, testing, development, and demonstration ¢ferforms satisfactorily. Extrapolation of demonstration
alternative or innovative treatment technologies that mayata should be based on other information about the
be used in response actions to achieve more permangs¢hnology, such as information available from case
studies.



Implementation of the SITE Program is a significant,].2 Description of Bioremediation

ongoing effort involving ORD, OSWER, various EPA

regions, and private business concerns, includingioremediation is the process by which hazardous organic
technology developers and parties responsible for sit@aterials are degraded by microorganisms (typically,

remediation. The technology selection process and thsterotropic bacteria and fungi) to innocuous materials

Demonstration Program together provide objective angych as carbon dioxide, water, inorganic salts, microbial

carefully controlled testing of field-ready technologieshijomass, and other by-products that are usually less
Innovative technologies chosen for a SITE demonstratioRazardous than parent materials. Biological treatment has
must be pilot- or full-scale applications and must offeheen a major component for many years in the treatment of
some advantage over existing technologies; mobilgunicipal and industrial wastewaters. In recent years,

technologies are of particular interest. bioremediation concepts have been applied in treating
hazardous wastes and remediating contaminated

1.1.2 Documentation of SITE groundwater and soils. For example, bioremediation has
Demonstration Results been used for degrading creosote in wastes from wood

treatment, as well as petroleum hydrocarbons in refinery

The results of each SITE demonstration are reported in df@Stes, oil spills, and subsurface material contaminated by
ITER and a Technology Evaluation Report (TER)fuels from leaking underground storage tanks.
Information presented in the ITER is intended to assist ) - o
Superfund decision-makers evaluating specificThe two processes associated with bioremediation are
technologies for a particular cleanup situation. The ITERatural and enhanced bioremediation.  Natural
represents a critical step in the development anBioremediation technologies, sometimes referred to as
commercialization of a treatment technology. The ITERNtrinsic bioremediation, depend on indigenous microflora
report discusses the effectiveness and applicability of tHe degrade contaminants using only nutrients and other
technology and analyzes costs associated with ifactors that are available in situ. Enhanced bioremediation
application. The technology’s effectiveness is evaluatet¢chnologies, such as the ZenoGentechnology,
based on data collected during the SITE demonstratidicreases biodegradation rates by supplying nutrients,
and from other case studies. The applicability of th@xygen, and other factors that are rate limiting. Examples
technology is discussed in terms of waste and sit@f in situ processes include, bioventing, air sparging, and
characteristics which could affect technology performancd)-situ biological.  Ex situ processes include slurry
material handling requirements, technology performancégactors and prepared beds for soil and sludges, pile/
and other factors for any application of the technology. composting for soil, and fluidized reactors and wastewater
treatment plants for aqueous wastes.
The purpose of the TER is to consolidate all information ' _
and records acquired during the demonstration. It contai¢aenerally, the capital and operating costs for actual
both a narrative portion and tables and graphgpplications of bioremediation technologies vary depending
summarizing the data. The narrative portion include§n the types and quantity of organic compounds present,
discussions of demonstration activities, as well a§ite conditions, the volume of material to be processed,
deviations from the demonstration quality assuranc@nd site-specific remediation goals. However, the main
project plan (QAPP). The data tables and grapwglrect costs associated with bioremediation can be
summarize demonstration results relative to proje@ttributed to transferring the contaminated wastewater to
objectives. The tables also summarize quality assuran8ee treatment unit (typically a biological reactor
and quality control (QA/QC) data and data qualitylPioreactor] or reaction zone) and supplying oxygen and
objectives. The TER is not formally published by EPA;nutrients to aerobic treatment systems. The estimated
instead, a copy is retained as a reference by the EFRSts associated with the ZenoGernechnology are

project manager for responding to public inquiries and fopresented in Section 4.0. The ZenoGesthnology is
recordkeeping purposes. discussed in the following section.



1.3 The ZenoGem ® Technology when the effluent flow rate is reduced about 20 percent

when compared to the design flow rate of the system.
The ZenoGerh technology integrates aerobic biological Additional information on replacement cost is provided in
treatment with membrane-based ultrafiltration.  ThisSection 4.0 - Economic Analysis.
innovative system uses ex situ bioremediation to treat
contaminated groundwater in an enclosed, suspenddf€ basic components of the ZenoGeethnology are an
growth bioreactor. The system uses the ZENONnfluent holding-equalization tank, a bioreactor, an air
PermaFloW ultrafiltration cross-flow membrane and blower, a pH buffer tank, a nutrient solution tank, an
system to seperate virtually all solids from the treatedltrafiltration module, optional off-gas carbon filters,
effluent. The membrane and system are characterized Bptional permeate carbon filters, and feed, process, and
a wide-diameter, series flow, tubular construction. Thé&hetering pumps.  The technology components are
combination of biological treatment with ultrafiltration cOmputer-controlled and equipped with audible alarm
proves to be an effective means of not only degradintjdicators to notify the operator of mechanical and
organic compounds but minimizing the amount of wast@perational problems. The entire pilot-scale system,
solids that are typically associated with biologicalexcept for the main air blower and optional activated-
treatment. According to Zenon, about 0.1 pound of sludgearbon filters, is mounted inside an 8-foot by 48-foot
is generated per pound of COD removed from the influeritailer. The trailer also is equipped with a laboratory that
stream. A simplified schematic diagram of the Zeno&emenables field personnel to evaluate technology performance.
system is shown in Figure 1-1.

Treatment begins by pumping wastewater into a 1,000-
Zenon claims that the ZenoGertechnology derives an gallon, polyethylene, stirred-tank bioreactor that contains
advantage over conventional wastewater treatme@ acclimated microbial culture maintained under aerobic
processes due to its membrane-based ultrafiltratiofPnditions. The aerobic, suspended-growth environment
technology. The ultrafilter not only filters the treatediS Maintained by diffused aeration, which continuously
water prior to discharge and recycles the biological solidéhixes the bioreactor's contents, which are known
but also recovers the higher-molecular-weight, solublgollectively as mixed liquor. The mixed liquor is retained
materials that would otherwise pass through conventiond) the bioreactor for sufficient time to allow the
clarifiers and filters. These higher-molecular weightmicroorganisms to metabolize the biodegradable organic
materials are returned to a bioreactor for furthefontaminantsintoinnocuous end-products and intermediate
biodegradation prior to ultimate discharge. Integrate®Y-products.
biological contactor/membrane separator technology has
developed rapidly in recent years as improved membraride mixed liquor is pumped from the bioreactor into the
chemistries and Configurations produced modules Witﬁressure'driven ultrafiltration module. The ultrafiltration
higher fluxes and lower potential fouling. module consists of eight 1-inch-diameter tubes connected

in series and contained in a 12-foot by 4-inch-diameter
Ultrafiltration is a pressure-driven, cross-flow filtration Polyvinyl chloride (PVC) housing (Figure 1-2). The tubes
process in which the wastewater to be processed f|o\,§§pp0rt the ultrafiltration membrane, which filters some
tangentially over the surface of a membrane filter capab®f the dissolved contaminants and all suspended solids
of separating both insoluble materials (bacteria, colloiddrom the mixed liquor.
suspended solids) and higher-molecular-weight soluble
materials from the treated water. The threshold size aboVJée continuous flow of mixed liquor, primarily consisting
which organic compounds are retained by the membrarfé suspended solids, forms a gel layer on the membrane’s

and below which they pass through the membrane is call@gface. Particles from the gel layer are detached by the
the molecular size cut-off. Zenon claims that thecross-flow water movement and recirculated into the

molecular size cut-off for the ZenoGeéntechnology bioreactor. The unfiltered fraction of the mixed liquor (the
ranges from 0.003 microns () to 0.1 p and depends on tR@ncentrate) also is recycled into the bioreactor so that
specific membrane chemistry. The typical operatingligher-molecular-weight organic compounds are further
pressure of an ultrafiltration system is 60 to 70 pounds p&egraded and the necessary microorganism concentration
square inch (ps|) According to Zenon, the UF membranég maintained for efficient Operation. The filtered effluent
require replacement every 3 years and cleaning is requirééle permeate) flows through optional activated carbon
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filters to remove any nonbiodegradable and trace organkRrimary Objective
compounds before final treated effluent is discharged.
The following was the primary (P) objective of the

1.4 Overview and Obijectives of the technology demonstration:

SITE Demonstration o
e P1 - Determine if the ZenoGéntreatment system

(integrating the bioreactor and ultrafiltration unit as a
whole) can achieve a 95 percent or greater removal
efficiency for MMA and TCL VOCs and reduce
chemical oxygen demand (COD) at a 95 percent
confidence level.

This section provides an overview of the demonstration
site and SITE Program demonstration objectives and
procedures.

1.4.1 Description of Nascolite Site

) The primary objective addressed the biodegradation of
The SITE Program demonstration of the Zeno&emtcL vOCs. For the SITE demonstration, critical TCL
technology was conducted at the Nascolite site iyoCs were MMA, vinyl chloride, benzene, toluene,
Millville, Cumberland County, New Jersey. Nasco“'feethylbenzene, cis-1,2-dichloroethene, trans-1,2-
manufactured acrylate plastic sheets at the site from 19%%hioroethene, trichloroethene, acetone, carbon disulfide,
to 1980. The company used methyl methacrylate (MMA}nq styrene. These TCL VOCs were chosen as critical
monomer as a raw material and operated a MMAyarameters because they have been previously detected in

reclamation process. Solid acrylic, liquids, and resinge Nascolite site groundwater at significant concentrations.
containing MMA were purchased from outside sources.

These materials were processed through depolymerizatio§econdary Objectives

using a molten lead bath followed by distillation and

purification. Waste residue from the distillation processe$ne following were the secondary (Sc) objectives of the
was stored in several underground storage tanks in themonstration:

northern plant area. In 1985, a remedial investigation and

feasibility study (RI/FS) at the Nascolite site revealed that. gc1 - Evaluate system performance by measuring

target compound list (TCL) volatile organic compounds  yanges, reliability, variability, cost-effectiveness, and
(VOC), and heavy metals.  Table 1-1 presents fyjl-scale remediation potential.

groundwater characterization data for the Nascolite site.
e Sc2 - Estimate approximate capital and O&M costs
1.4.2 SITE Demonstration Objectives for the demonstration and for full-scale remediation.

EPA established primary and secondary objectives for tHeltical measurements consisted of sample analyses and
SITE demonstration of the ZenoGertechnology. The Process measurements that directly impacted meeting the
objectives were based on EPA’s understanding of theroject's primary technical objective. — Critical
technology, SITE Demonstration Program goals, anf'€@surements included collection of (1) liquid and air
input from Zenon. Primary objectives were considere§amples for MMA and TCL VOC analyses; (2) liquid
critical for the technology evaluation, while secondarys@mples to evaluate COD; and (3) flow rate measurements
objectives involved collecting additional data considere@f the influent and effluent liquid streams. Flow rate
useful, but not critical to the process evaluation. Th&€asurements were used to calculate the Zen6Gem
demonstration objectives were defined in the EPASYstem’s total reduction of MMA, TCL VOCs, and COD
approved QAPP dated November 1994 (EPA 1994). THencentrations between the influent and effluent streams.
objectives were selected to provide potential users of the N N .
ZenoGerfi technology with technical information to Noncritical, or system condition measurements, provided
determine if the technology is applicable to othefnformation on operating ranges, reliability, variability,
contaminated sites. The SITE demonstration wa&ost-effectiveness, and full-scale remediation potential of
designed to address one primary objective and twihe technology. System measurements included sample

secondary objectives for evaluation of the ZenoGemcollection and laboratory analyses for the following: total
technology. suspended solids (TSS), volatile suspended solids (VSS),

11



Table 1-1. Maximum Concentrations of TCL VOCs Detected in Groundwater at the Nascolite Site

Contaminant Maximum Concentration
(uall)
MMA 398,000
Benzene 400
Toluene 1,100
Ethylbenzene 7,300
cis-1,2-Dichloroethene 540
trans-1,2-Dichloroethene 540
Trichloroethene 460
Total vinyl/methylene chloride 19,200
Total xylene 150
Acetone 1,900,000
Carbon disulfide 1,200
Styrene 150

total metals (metals), total organic carbon (TOC)written specifically for the ZenoGeém technology
nutrients (ammonia [N, nitrate/nitrite [NQ/NO,], and  demonstration (EPA 1994).
phosphate [P(J]), oxygen (Q), and carbon dioxide
(CO,). System measurements also included measuremeifteedemonstration activities included drilling of four soil
for pH, dissolved oxygen (DO), temperature, oxidationborings and subsequent installation of groundwater
reduction potential (ORP), and specific gravity. recovery wells to pump contaminated groundwater to the
ZenoGefi system. The wells were equipped with
To monitor the ZenoGet technology, process individual peristaltic pumps for evacuating and transferring
measurements were collected from various points in thgroundwater from the wells to a equalization tank.
system. The process measurements included flow rates@foundwater in the equalization tank was periodically
aqueous and gaseous streams, tank levels within teampled during pumping operations and analyzed for
system and outside the system, and power consumptidfMA concentration using an on-site gas chromatograph
readings. Gaseous and aqueous flow rates we(&C). The analytical results were used to determine if the
considered critical parameters.  All other procesgroundwater required dilution to achieve the influent
measurements were considered noncritical. Figure 1target MMA concentration of 2,500 milligrams per liter
presents a schematic showing sampling and measuremémig/L). When analytical results confirmed that the MMA
locations for the ZenoGeétechnology. concentration was slightly greater than 2,500 mg/L, the
groundwater was pumped to a 5,000-gallon tanker, and
Information regarding the specific purpose of eactihrough a piping network into the system for treatment.
demonstration objective, and a summary of the sampling
locations and analytical parameters used to support eaéfter the ZenoGefh system was installed, Zenon

objective, are presented in Table 1-2. performed a series of technology checks which included
(1) conducting a leak test of technology components and
1.4.3 Demonstration Procedures process pipes, (2) verifying that component safety

switches were operating accurately, and (3) calibrating

The SITE Program evaluated the treatment technologyfw meters and metering pumps. For the leak test, Zenon
effectiveness over a period of about 3 months by collectingitially filled the bioreactor with about 600 gallons of
independent data. Data collection procedures for theotable water which was pumped through the entire
demonstration were specified in the EPA-approved QAPfeatment process to ensure the technology was operating

12
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Table 1-2. Analytical Measurement Parameters and Relationship to Project Objectives

Matrix Sampling Parameter Class Objective
Location
Feed Influent S-1 TCL VOCs+MMA, COD, Flow Rate  Critical P1, Scft,
Sc2
pH, TSS, VSS, DO, temperature, Noncritical Sc1, Sc2
metals, TOC, ORP, sg, NO,/NO,,
NH,, PO,3
Bioreactor S-2 TCL VOCs+MMA, COD Critical P1, Sc1
Effluent
pH, TSS, VSS, DO, temperature, Noncritical Sc1
metals, TOC, ORP, sg, NO,/NO,, .
NH,, PO, Flow Rate. . °  Critical P1
Concentrate S-3 TCL VOCs+MMA, COD Critical P1, Sc1
Recycle
pH, TSS, VSS, DO, temperature, Noncritical Sc1
metals, TOC, ORP, sg, NO,/NO,,
NH,, PO,?, Flow Rate
Permeate S-4 TCL VOCs+MMA, COD, Flow Rate Critical P1, Sci1,
Effluent Sc2
pH, TSS, VSS, DO, temperature, Noncritical Sc1
metals, TOC, ORP, sg, NO,/NO,,
NH,, PO,?
Treated Effluent S-10 TCL VOCs+MMA, COD Critical P1, Sc1
pH, TSS, VSS, DO, metals, TOC, Noncritical Sc1
ORP, sg, NO,/NO,, NH,, PO,?
Nutrient Feed S-5 NO,/NO,, NH,, PO,3, sg, Flow Noncritical Sc1, Sc2
Rate
Bioreactor Inlet S-6 TCL VOCs+MMA, Flow Rate Critical P1, Sc1
Gas 0,, CO,
Noncritical Sc1
Bioreactor S-7 TCL VOCs+MMA, Flow Rate Critical P1, Sc1
Outlet Gas 0,, CO,
Noncritical Sc1
Bioreactor S-9 TCL VOCs+MMA, Flow Rate Critical P1, Sc1
Outlet Gas
(after carbon)
Air Inlet S-8 TCL VOCs+MMA, O,, CO,, Flow Noncritical Sc1

Rate
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properly. During the test, SITE Program personnel did ndhformation on the SITE program is available through the

observe any leaks and Zenon confirmed that th#llowing on-line information clearinghouse: the Vendor

component safety switches were operating correctly. Information System for Innovative Treatment Technologies
(VISITT) (Hotline: 800-245-4505) database contains

Zenon seeded the bioreactor by pumping into it 50@hformation on 154 technologies offered by 97 developers.

gallons of sludge obtained from the local publicly owned

treatment works (POTW). Zenon then added 5 gallons dfechnical reports may be obtained by contacting U. S.

MMA-acclimated sludge to the bioreactor. ZenonEPA/NCEPI, P. O. Box 42419, Cincinnati, Ohio 45242-

cultivated the biomass to obtain a maximum microbiaR419, or by calling 800-490-9198.

growth while maintaining a minimum toxic shock to the

microorganisms. In addition, Zenon periodically added

powdered milk and wheat flour as food sources for the

microorganisms until the contaminated groundwater was

available for treatment.

A start-up run was conducted prior to beginning the
demonstration run. The purpose of the start-up run was to
identify and resolve any problems that arose from
technology operation or sampling and field protocols. No
samples were sent for off-site analysis during the start-up
run. The initial effluent flow rate of the treatment system
established for the entire demonstration was 720 gallons
per day.

1.5 KEY CONTACTS

Additional information on the ZenoGénbiological and
ultrafiltration technology, Zenon, the SITE Program, and
the Nascolite site is available from the following sources:

EPA Project Manager

Daniel Sullivan

U.S. Environmental Protection Agency (MS-104)
National Risk Management Research Laboratory

2890 Woodbridge Avenue, Building 10

Edison, NJ 08837-3679

908/321-6677

Technology Developer

F. Anthony Tonelli

Zenon Environmental Inc.

845 Harrington Court

Burlington, Ontario, Canada L7N 3P3
905/639-6320
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Section 2
Technology Effectiveness Analysis

This section addresses the effectiveness of the Zen®Gerpntaminant concentration shock-loading, which increased
technology for treating groundwater contaminated wittthe influent MMA concentration from 2,360 mg/L to
MMA and TCL VOCs. This evaluation of the 7,140 mg/L (Figure 2-1). During the first 4 hours of the
technology'’s effectiveness is based on the results of thest, the influent MMA concentrations were increased
SITE demonstration at the Nascolite site. while the feed rate remained at 720 gpd, creating a short-
term organic shock-load to the microorganisms in the
Vendor claims and case studies regarding the effectivendsi®reactor. After 4 hours, the feed flow rate was decreased
of the ZenoGerbiological and ultrafiltration technology to 50 gpd, and then increased to 140 gpd to maintain a
are presented in Appendix A. Tables summarizing theonstant volumetric organic loading throughout the
field and laboratory analytical data for samples collectedemainder of the demonstration.
during the demonstration are included in Appendices B

and C, respectively. 2.1.1 Objective P-1: Removal

_ Efficiencies

2.1 SITE Demonstration Results

This section describes demonstration removal efficiencies
This section summarizes the results from the SITEgr MMA, TCL VOCs, and COD. Removal efficiencies
demonstration of the ZenoGeéntechnology for both for each compound or parameter was evaluated over the 3-
critical and noncritical parameters, and is organize@honth demonstration (September, October, and
according to the project objectives stated in Section 1.4.Riovember). In cases where effluent concentrations of a
Section 2.1.1 addresses the primary objective, and Sectigmpound were nondetectable, the detection limit value
2.1.2 address secondary objectives. (for example 0.01 mg/L for MMA), rather than an

assumed concentration of 0.00 mg/L, was used to calculate
The ZenoGerhtechnology treated about 47,200 gallonshe minimum removal efficiency. This conservative
of groundwater contaminated with MMA, at flow ratespractice was adopted to ensure that the removal efficiency
ranging from 380 to 620 gpd. As shown in tables B-4 angjould not be overestimated, and assumes that a compound
B-5in Appendix B, the total inflow to the treatment systenhot detected in the effluent at 0.01 mg/L may have been
was significantly less than the total outflow from thepresent at a concentration between 0.00 mg/L and 0.01
system. According to Zenon, the difference in thesehg/L. For this reason, the removal efficiencies values for
values may be due to the effluent flow meter recording thgye compounds and parameters are the minimum possible
permeate that was at times being recirculated back to thgjues and may be lower than the actual removal
bioreator. Zenon periodically recirculates the permeatgfficiencies achieved by the system.
when making process adjustments prior to discharge from
the system. The demonstration consisted of continuoyguvA Results
operation over a 3-month period, during which influent

MMA concentrations varied from 567 mg/L to Effluent MMA concentrations during the demonstration

9,500 mg/L. varied from less than the detection limit of 0.01 mg/L to

16.8 mg/L in the permeate stream (S-4). As shown in
For the last 3 weeks of the demonstration, the technologsigure 2-2, the permeate MMA removal efficiencies

was evaluated under an approximate three-fold increasedgring the demonstration consistently surpassed the
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Figure 2-2. Removal efficiency (MMA + VOCSs) (S-4).

demonstration goal of 95 percent reduction. The averadée majority of analytical data for samples collected from
removal efficiency for MMA was greater than 99.88 S-4 were below the detection level of 0.01 mgl/L.
0.01 percent for the 3 month demonstration. Beginning inlowever, the analytical data for samples collected from
week 7, additional samples were collected for MMAS-4 on September 11 through 13 (about 2 weeks into
analyses from the treated effluent stream (S-10) followingyeatment) were about 1,000 times greater than the
the permeate carbon filters. The permeate carbon filteremainder of the demonstration. This was inconsistant
were originally installed to prevent possible tracewith the data collected throughout the demonstration, and
contaminants from discharging to the treated effluendo not appear to be representative of actual treated effluent
holding tank. MMA concentration in the treated effluentconcentrations. For example, as shown in Table C-1 in
following carbon filtration ranged from less than 0.02  Appendix C, the MMA concentration in the effluent after
mg/L to 0.29 mg/L, improving the average removalSeptember 13 was below or slighty above the detection
efficiency of the system to 99490.01 percent. The high limit of 0.01 mg/L. Although the cause of the increase is
removal efficiency for MMA also was maintained after aunknown, occasionally a low population of microorganisms
3-fold concentration was delivered to the system (shockill result in a low initial degradation rate that will
loading test), suggesting that a sudden increase in influeincrease after the microogranisms are allowed to
MMA concentration had little noticeable effect on theacclimate for a period of a few days. This finding is not
technology’s performance. considered significant since (1) the temporary increase in
MMA concentration was maintained for only three days,
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and (2) the goal of a 95 perent reduction was maintained Bytal influent mass was calculated from the daily MMA

the system throughout the 3-month demonstration. and TCL VOC concentrations in the influent stream (S-1)
and the average of the three daily flow measurements,
TCL VOC Results collected at measurement location M-1, multiplied over a

24-hour period, accounting for periods when the system
TCL VOCs analyzed in samples collected from thewas not operating. Effluent mass was calculated from the
influent and effluent streams during the demonstratios-4 and S-10 streams in the same manner.
included vinyl chloride, benzene, trans-1,2-dichloroethene,
trichloroethene, acetone, carbon disulfide, ethylbenzenghe following equation was used to calculate the total
toluene, and styrene. The laboratory reported all othenass of MMA and TCL VOCs for both the influent and
quantified analytes from the TCL; however, tentativelyeffluent streams:
identified compounds were not reported. 83

M(MMA+VOC) =X Qi[xi]

Due to the high MMA concentrations in the influent, the i=1
laboratory was unable to analyze aqueous TCL VO®@here:
samples at a low enough dilution factor to quantify the low

concentrations of TCL VOCs without overloading the GC. M ymasvoe) = Total mass of MMA and TCL VOCs
Most TCL VOC detection limits in the influent ranged Q= Average daily flow, in liters

from about 2,500 to 500,000 micrograms per liter (ug/L), [x,] = Daily MMA+TCL VOC

depending on the dilution ratio. In samples that had concentration (mg/L)

detection limits this high, no targeted TCL VOCs were 83 = Number of samples

above detection limits in the influent stream (S-1).

Detection limits were low enough in only five of the 71Based on extrapolation from the sample concentration
samples collected to quantify TCL VOC concentrationsdata and flow meter readings, the total mass of MMA and
Consequently, removal efficiencies for individual TCLTCL VOCs entering the system during the demonstration
VOCs could not be calculated for the majority of thewas about 561,000 grams and the mass of MMA and TCL
samples collected during the demonstration. VOCs leaving the system after treatment was about 196

grams. Therefore, total mass of MMA and TCL VOCs in

Table 2-1 compares the five influent samples wittthe effluent prior to carbon polishing was reduced at least
reportable TCL VOC concentrations in samples collectefl9.96 percent. The actual mass reduction may have been
from sampling port S-1 to the corresponding TCL VOCQCgreater, but was indeterminable because the total mass of
concentrations in samples collected from sampling port SS=CL VOCs entering the system could not be determined
4. Reductions of greater than 97 percent were noted in ale to the elevated detection limits. Table 2-1 indicates

TCL VOCs reported. that the average TCL VOC concentration in the influent
was likely to be several orders of magnitude lower than the
Mass Balance MMA concentration, and thus should have contributed

only a negligible amount to the total influent mass of the
The primary objective (P1) of the demonstration was tgontaminants.
show that the ZenoGénprocess was able to achieve 95
percent removal efficiency of the total influent mass offo determine if volatilization to air contributed
MMA and TCL VOCs (EPA 1994), using the following significantly to the observed mass reduction efficiency,
equation: the quantity of MMA (Figure 2-3) and TCL VOCs

(Figure 2-4) lost through the emissions stream (S7) were

(MMA+VOC), - (MMA+VOC) x 100 determined using the daily air flow measurements

%RE = (MMA+VOC) (Figure 2-5) collected at measurement location M7 and the
analytical results of the biweekly air sample. As shown in
where: Figures 2-3 and 2-4, an increase in MMA and TCL VOCs
concentrations occurred on the first day of the shock-
%RE = Removal efficiency loading test and then decreased throughout the remainder

(MMA + VOC) = Total mass in influent stream  of the demonstration.
(MMA + VOC) = Total mass in effluent stream

18



Table 2-1. Measured TCL VOC Reductions

Sampling TCL VOC Influent Permeate Percent
Date Compound Concentration Concentration Reduction®
(S-1) (S-4)

9/5/94 Methylene 636 8.85 98.6
chloride
Trichloroethene 852 1.75J 99.8
Benzene 282J 5.0U >08.2

9/6/94 Methylene 618 11.6 98.1
chloride
Trichloroethene 905 5.0U >090.4
Benzene 279J 5.0U >08.2
Toluene 105J 5.0U >95.2

9/16/94 Methylene 5004 11.2 97.8
chloride

10/1/94 Methylene 15,300 5.0U >099.3
chloride

10/11/94 Xylenes 14,400J 5.0U >99.9

Notes:

2 Percent reduction measured from permeate stream prior to carbon polishing.

All concentrations in micrograms per liter (u«g/L).

J = Compound concentration is estimated. Value is below sample detection limit.

U = Compound was not detected. Associated number is the sample detection limit.

83
Figure 2-5 shows that the daily air flow measurement Mg = Y, kQ[x]m
remained relatively low (less than 5 scfm) during =1 22.4
Sepetember compaired to the remainder of the

demonstration (about 12 scfm). Although the cause of thehere:

fluctuation in air flow is unknown, Zenon has process M., = Total mass of compoundin grams
capability to control the amount of oxygen supplied to the Q = Air flow for i day, in standard cubic feet (scf)
bioreactor to maintain organism growth and degradation [x,] = Volumetric concentration of

of the organic compounds. This finding is not considered compound in liters

significant since the goal of a 95 perent reduction was m_= Molecular weight of compound
maintained by the system throughout the 3-month in grams/mole

demonstration. k = Conversion factor

83 = number of samples
The total mass loss for each compound over the
demonstration was calculated by the following:
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Mass was computed for an ideal gas at standamaintain a consistent volumetric organic loading
temperature and pressure (STP). Daily flow volume wathroughout the remainder of the demonstration. The
determined by using the average of the three daily aireated effluent (S-10) reduction efficiency for COD
measurements (in standard cubic feet per minute [scfmidllowing the shock loading was calculated at 98@®64
and multiplying over a 24-hour period, accounting forpercent.

periods when the system was temporarily shutdown. The

daily volumetr_ic concerjtration of eac_h compound wap 1 o Objective S-1: Total Metals, TSS,
;::éil#:ted by interpolation from the biweekly analytical VSS, TOC, ORP, sg, DO,

Temperature, pH, Nutrients
Based on extrapolation from the air sample concentration
data and the flow meter readings, the total volatilization of his section presents the results of measurements for
MMA and TCL VOCs from the system was calculated apecondary parameters of interest for the demonstration.
about 411 grams. This values represents less than 0.10
percent of the total MMA and TCL VOC mass treatedVetals

during the demonstration. _ . .
Table 2-2 summarizes the average aluminum, cadmium,

COD Results chromium, copper, iron, lead, manganese, mercury,
nickel, and zinc concentrations detected in the influent

During the course of the demonstration, influent COOS-1), permeate (S-4), and treated effluent (S-10) streams.
concentrations varied from 1,490 mg/L to 13,600 mg/LAS shown in Figures 2-9 through 2-18, the concentration
COD concentrations in the permeate (S-4) varied frorff metals in the S-1 stream exhibited substantially higher
10.3 mg/L to 1,880 mg/L, and COD concentrations in théoncentrations than that detected in the S-4 and S-10
treated effluent stream (S-10) ranged from 56.0 mg/L tétreamswith the exception of some sample results that are
1,090 mg/L. Figure 2-6 shows the removal efficiencies fopnomalous. Metal concentrations increased throughout
the permeate stream (S-4). Based on these data, reductidf demonstration in the bioreactor effluent (S-2) and the
efficiencies for COD calculated for the permeate strearioncentrate stream (S-3). This indicates that the majority
(S-4) varied from 84.7 percent to 95.6 percent, yielding aff metals in the S-1 stream were retained and accumulated
overall COD reduction efficiency of 88:6 8.4 percent. throughout the demonstration with the exception of a
Data for the S-10 treated, or final, effluent stream was ngmall percentage of the metals that passed through the
generated until week 7 of the demonstration. Figure o gltrafiltration module and were detected in the permeate
shows the reduction efficiencies for the treated effluer@nd treated effluent streams. At these concentrations, the
stream (S-10). During 4 out of the 5 weeks, the reductiometals did not appear to inhibit the microorganisms
efficiencies in the effluent were above the 95 percerfiegradationrate for MMAand TCL VOCs. Dependingon
demonstration goal and averaged 96801 percent. wastewater characteristics, pretreatment can be
incorporated into the treatment train to reduce metal
Figure 2-8 compares the reduction efficiencies for th@ccumulation in the system.
permeate stream (S-4) with those observed in the treated
effluent stream (S-10). TSS

During the last 3 weeks of the demonstration, the systefrigure 2-19 shows the TSS concentrations measured in the
was evaluated under an approximate three-fold increaseilffluent (S-1), permeate (S-4), and treated effluent (S-10)
contaminant concentration shock-loading, whichstreams during the demonstration. The TSS concentration
instantaneously increased the influent COD concentratior the influent stream exhibited higher concentrations than
from 6,400 mg/L to 19,600 mg/L. During the first 4 hoursthat detected in the permeate and treated effluent streams.
of the test, the influent COD concentrations weréOn November 12, the influent TSS concentration
increased while the feed rate remained at 720 gpd, creatifitgreased from 43 mg/L to 19,000 mg/L. Although the

a short-term, organic shock-load to the microorganisms igduse of this anomalous value is unknown, the increase in
the bioreactor. After 4 hours, the flow rates wereconcentration may be due to not thoroughly mixing the
decreased to 50 gpd, and then increased to 140 gpdd@undwater in the holding tank prior to transferring to the

21



Percent Reduction

90

85

Percent Reductions

80

75

100
ol Wq
« >
60 . | Demonstration Goal
(95%)
40 Lo e
02-Sep-94 15-Sep-94 29-Sep-94 11-Oct-94 24-Oct-94 04-Nov-94 17-Nov-94
Date
Figure 2-6. COD removal efficiency (S-4).
<
— | Demonstration Goal
95%
02-Sep-94 15-Sep-9 29-Sep-94 11-Oct-94 24-Oct-94 14-Nov-94
Date

120

Figure 2-7. COD removal efficiency (S-10).

©

o))

N

Number of Samples Taken
F-N

o

50.00

60.00 70.00

80.00
Percent Removal

90.00

mm S-4
== S-10

‘‘‘‘‘‘‘‘‘‘‘‘‘‘

Figure 2-8. Distribution of COD removal efficiency by number of samples (S-4 and S-10).

22




16-10°0 ove-LL 00L'v-0L8 0'6¢ LEL ozl'e ouiz
1'6-10°0 9€-¥0'0 Le-0L 9¢ L'8 €6l [®%9IN
fAZVN0) €'¢-600 €L°0-650°0 - 8L’ L0 fanoss
L2-100 09-6'L 06¢2-¥8 col (A4 0Ll asauebue|
€l-1'6 91-9¢ 0cc-0LL L'LL golL (444 pea
6S-70°0 0ce-ov 00S'9€-0086 9'8¢ 514" oov'Le uolj
L6100 8660 §'8-L'e 6€ 8y 98'9 Jaddod
€'g 9'6-80°0 9l-G'¢ - 6'¢C €8 wnjwoJiyp
8'0 6'CLL 0SL-0v - AN L28 wniwped
0CL-200 09L-8CL 001°L-022 L'S9 901 145°] wnuiwnjy
abuey
uoljeljuasuo) abuey abuey
0L-S uoleIuUadu0D uoljesjuasuo) 0l-S ¥-S
weans usny3 #-S weals 1-S weans juany3 weals 1-S
pajeal] ajeawad weals juanju| pajeal) ajeawlad weals juanju| 2ET

suonenuaduo) S[eISN [e10L ‘g-¢ d|gel

23



‘swealls 0T-S pue ‘v-S ‘T-S 8yl Ul suoenuaduod 1addod ZT-z ainbi4 ‘sweal)s 0T-S pue ‘v-S ‘T-S 8yl Ul SUORNUSIUOD WNIWOoIYD "TT-Z ainbi4

ay [ vN [ aN Tan [T oNn [ anTiool vN T vN T wN] wN T [ on[wnTanTes ! ovnTavTan TN TyNTwYNTYN ] oS0
| wN loNian [ aN[av | vN] vN |60 aN | g6 ey | pgm YN | ¥€ L ON | 6€ | ve | YN 1 YN 1800 ON | 99 | ¥2 : pSm
YN | YN | 82 | 0¢ | aN | VI YN | s8 | g8 | opL | aN = | WN | WN | €l oL | 1'v | YN | VN | §€ {006 ] 99 | 8/ ]
AON-8Z | AON-£Z | AON-60/ A0| 3 190-/Z 190-v) [das-o¢[des-91|deg-zo s)eq) | ACN-82|AON-£2|A0 AO] 10-22[320-02[190-p} |dag-o¢|des-o1 |dag-zo s1eq
— = 0 R ] g 10
: 5 , s
o E 9
1S _ m ‘ 3 m
3 = B 3
g2 g3
=8 = =
4o g B ]
= da 7
sk 0z
. ‘ 3 . ‘ 4
swealls OT-S pue {#-S 'T-S a9yl ul suollejusduod wniwped ‘0T-¢ w.:._m_n_ ‘swealls 0T-S pue ‘¢-S ‘T-S a8yl ul suoiesjusduod wnuiwnlyy '6-¢ m._jm_n_ N
aN | WN aN T an [ an T aN T yN [ vN | N T WN 1S 0 ozz [ YN [ 12 [ozt [ 88 [vioT200] VN T VN | YN 01-S0
YN [ aoN [ aN ok | oN TN T VN Tty loer|osz|ort Y YN |00z [ oot | v6 [ocL [ VN | VN [zt | 98 [ ozl | o9t rom
YN | VN [ 09L {0t | #0 | WN | VN | 99 | /9 [ oy |-Q W YN | VN | ob. {o0k'b| O/ | VN | WN | OS€ | 062 | 092 | 022 [T
AON-8Z[AON-£Z| AON-60]AON-80[190-82[150-£2390-02 [390-¥ 1 | des-0¢ | dog-91 | des-Zo a)eq [__AoN-gz[AoN-cZ[AoN-60/AON-80[300-82[100-22[100-02[ 100y [dog-og[dog-giides-zo | @jeq
2 _V_ -l 0
_ _ — — - 00z
- Q - oot (]
ol _ m N m
3
2 Jo0s € 2
g £g
Hoor S Hooe S
. | ooot

000} ooz



'swreal)s 0T-S pue ‘v-S ‘T-S 8yl Ul Suoenuaduod AIndisN  "9T-2 24nbig ‘sweals 0T-S pue ‘v-S ‘T-S 8yl Ul suoneuaduod asauebuepy "GT-z a.nbi4

0¥00| WN {2600] AN |270°0] AN | ON { YN | YN | YN | ¥VN a0 ] 9 | YN 8L | ON | ON {100| YN | YN | VYN | ¥N 0180
VYN {2500|6¥00| ON | GN | ¥N | YN |00€'¢| ON 0910|6200 pom YN | 2V 09 | 65 | YN | YN | 92 1z 12 | 62 S =
YN [ VN {o¥L'0| 'ON [6500! WN | WN |0€L°'0|0L}0{0€L0| ON 18 B YN | ¥N 0z 1ovL | wN | WN | ovL [0St | 05L | #8 1S =

AON-8Z|AON-CZ|AON-60/AON-80[390-82[190-22 [190-02|120-v} |deg-ot|deg-at [des-z0 |eq AON-8ZAON-£Z OAON-80/120-82[390-22(320-0Z[320-v1 [daS-0¢] des-gi/des-z0 aeq

0

T | v

[T

-1 002

(1/Buw)
uonenussUOY

(/6w)
uojenuUIcU0Y

0oe

ol

‘swreal)s 0T-S pue ‘v-S ‘T-S 8yl Ul SUoeNUSIU0D pea “HT-Z ainbi4 ‘swrealls 0T-S pue ‘p-S ‘T-S 8yl Ul SUOIRIUSdU0D UoJ| "ET-Z ainbi4

VN | YN | VN | VN 01-§0 009 | VN |0z | of v00] 20 [ VN [ VN[ VN 0L-SO
9'¢ y6 | ON rou YN | e | e [ooL[ocL [ VN | WN[8iz]|o00z]| #9 rom
00z | 0z | 091 | OvlL L-om VYN | ¥N [000'¥€/005'9€/009'8L] WN | WN [005'1Zi00%'sH00L' 2L Y]
ROy1|des-otides 9t |des-zo sjeq) AON-SZ/AON-EZIAON-6 e 190-22[190-0z[190-v1 [des-oc|des-91 sjeq|

(-
—]
S

- o1 Q
=] [e)
38 =3
a3 .Wm
c8 2
g -g
- oot El S

WN
o
008'6
des-Z0
- 100
4o
- 11
| 4ot
; - oot
- o004
: - ooooL

ooot 000001

25



‘'sweans 0T-S pue ‘p-S ‘T-S 8yl Ul SUoNeUadU0d dul7 'gT-Z aInbiq

01S ¥
¥S &
Is &

‘swrealls 0T-S pue ‘p-S ‘T-S ay) Ul SUOITeIUBdU0d SS1  “6T-Z ainbi-

Jeq Surdureg
P6/STTI1 Y6/¥/11 ¥6/¥1/01 Y6/€C/6 $6/T/6
TETTTT A 2 2 22 & : SOOGE 5 e 0
— 01
ﬂ -0z
— 0¢ a
lﬂ Jop 3
= O
“os g 8
-0 g g
— 0L w_
— 08
—1 06
— 001
(181

26

‘sweans OT-S pue ‘-S ‘T-S a8yl Ul SUoNLeUa2U0I [BXIIN "/ T-Z 9Inbi4

| 08l | VN | ON | L'G | ON | ON [ 100 | VN | VN | VN | WN

. 5Tz - 01so
g9 r L8 12100 1 210 YN _ YN | VN aL-s 2 YN [ 0s [ GN |09 | s | vN | vN | 00| &8 |09 | ON P
TR R T R RIS ETANTTER e YN | VN | 62 | sz | ¥b | VN | VN | 6L | 2z | 61 | QL XX

= = = d d

AoN-8Z[AoN-£Z[AoN-60[AON-80[190-82 120~ £2[350-02 [100-¥1 [dog-o¢ |des st [des z0 318 AON-8Z|AON-EZ|AON-60/AON-80(390-82 | 190-2Z |390-0Z |120-¥} |des-0¢|das-91 [des-Z0 ajeq

0 L] m..ﬂd.ld _.|dl.1||.-|| 0
~ 0004 1o
g g
- oo0z _ 3 38
1 la3f
o0 T & g
S S
1 os1
~ ooor
J
0005 00z



bioreactor using a submersible pump. This finding is naitreams, indicating that the concentration of organic
considered significant since (1) the temporary increase imatter was reduced in the system. The average TOC
TSS concentration was maintained for only one day, antbncentrations for the S-1, S-4, and S-10 stream was about
(2) the increase in concentration was not reflected in the 160 mg/L, 280 mg/L, and 83 mg/L, respectively. The
effluent stream. TSS concentrations increased throughol©C removal efficiencies was calculated for the permeate
the demonstration in the bioreactor effluent (S-2) and thetream to be 75.9 percent and for the treated effluent
concentrate stream (S-3). This indicates that the majorigtream to be 92.8 percent.
of suspended solids in the influent stream were retained
and accumulated in the system throughout th&®RP
demonstration. The technology demonstrated that the
ultrafiltration module was effective in reducing TSS fromFigure 2-22 shows the values measured in the influent
an average concentration in the influent stream of 507 (S-1), bioreactor effluent (S-2), concentrate (S-3),
mg/L to less than 2 mg/L (the detection limit) in thepermeate (S-4), and treated effluent (S-10) streams. A
permeate and treated effluent streams, respectively. Tdéference in ORP values occurred in the system as
TSS removal efficiency was calculated to be 99.7 percentfluent groundwater went from an oxidizing to a reducing
environment during treatment. This resulted in positive
VSS values in the influent (S-1), permeate (S-4), and treated
effluent (S-10) streams and negative values for the
Figure 2-20 shows the VSS concentrations measured Imological effluent (S-2) and concentrate (S-3) streams.
the influent (S-1), permeate (S-4), and treated effluent Positive values in the influent, permeate, and treated
(5-10) streams during the demonstration. The VSS8ffluent streams are due to an oxygen rich environment in
concentration in the influent stream exhibited highethe absence of a microorganism population. Negative
concentrations than that detected in the permeate awmdlues in the bioreactor effluent and concentrate stream
treated effluent streams. On November 12, the influersire due to microorganisms consuming the oxygen
VSS concentration increased from 34 mg/L to 17,000 necessary to maintain biological degradation.
mg/L. Although the cause of this anomalous value is
unknown, the increase in concentration may be due to n8pecific Gravity
thoroughly mixing the groundwater in the holding tank
prior to transfering to the bioreactor using a submersibl&€he specific gravity of the groundwater remained
pump. This finding is not considered significant since (lunchanged during the demonstration. The average
the temporary increase in VSS concentration waspecific gravities calculated for the influent (S-1), the
maintained for only one day, and (2) the increase ipermeate (S-4), and the treated effluent (S-10) streams
concentration was not reflected in the effluent streanwere about 1.0. Specific gravity is temperature dependent
VSS concentrations increased throughout the demonstratiand will vary with the concentration of total solids in the
in the bioreactor effluent (S-2) and the concentrate streawastewater.
(S-3). This indicates that the majority of VSS in the
influent stream were retained and accumulated in thBO
system during the demonstration. The technology
demonstrated that the ultrafiltration module was effectivdhe average concentration of DO in the groundwater
in reducing VSS from an average concentration in thduring the demonstration was measured as 3.92 mg/L for
influent stream of 452 mg/L to less than 2 mg/L in thehe influent (S-1) stream and 3.12 mg/L for the permeate
permeate and treated effluent streams, respectively. T(®-4) stream. Data for the treated effluent (S-10) stream
VSS removal efficiency was calculated to be 99.7 percentvere only sampled during the last month of the
demonstration; the average concentration of DO in this
TOC stream was determined to be 3.93 mg/L.

Figure 2-21 shows the TOC concentrations measured Tremperature

the influent (S-1), permeate (S-4), and treated effluent

(S-10) streams during the demonstration. The TOQChe average temperature of the groundwater during the
concentrations in the influent stream exhibited highedemonstration was measured at 2€.4or the influent (S-
concentrations than that detected in the S-4 and S-1) stream and 33.€ for the permeate (S-4) stream. The
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Figure 2-20. VSS concentrations in the S-1, S-4, and S-10 streams. Sample concentrations for S-1 and S-10 significantly
exceeded the upper limit scale in November. Values are presented in Table B-13 in Appendix B.
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Figure 2-21. TOC concentrations in the S-1, S-4, and S-10 streams.
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treated effluent (S-10) stream was determined for the last
month of the demonstration; the average temperature was
21.T C. Optimum temperatures for bacterial activity
range from 25 to 35C.

pH

The average pH values in the influent (S-1), the permeate
(S-4), and the treated effluent (S-10) streams were
measured at 6.3, 7.0, and 7.9, respectively. The treated
effluent stream was only measured during the final month
of the demonstrationThe pH values in the influent (S-1)
are adjusted in the bioreactor and the pH values in the
permeate (S-4) and treated effluent (S-10) streams are
unadjusted values and a function of the biodegradation
process.

Nutrients

Concentrations of NONO,, NH, PQ? increased
slightly in the system. The average concentration of NH
increased from 0.13 mg/L in the influent (S-1) stream to
0.34 and 0.59 mg/L for the permeate (S-4) and the treated
effluent (S-10) streams, respectively. The treated effluent
average was calculated with the exclusion of an
anomolous value obtained on November 16.

The average concentration of N@O, increased
slightly in the influent (0.48 mg/L) and treated effluent
(1.65 mg/L) streams. However, the average value of the
NO,/NO, concentration in the S-4 stream, which was less
than the detection limit (0.05 mg/L), was below the values
collected from the combined S-4 and the S-10 streams.
The two values collected for S-10 were 1.6 mg/L, and less
than 0.05 mg/L, indicating that the concentration of the
sample was below detection limits.

The average concentration of PGncreased throughout

the system as shown in the treated, permeate, and treated
effluent streams. The average FPCOconcentration
increased from 0.08 mg/L in the influent, to 0.64 mg/L in
the permeate, to 0.94 mg/L in the treated effluent.
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Section 3
Technology Applications Analysis

This section discusses applicability of the ZenoGemThe permeate MMA removal efficiencies consistently
technology, including the following: applicable waste,surpassed the demonstration goal of 95 percent reduction.
factors affecting performance, site characteristics antlhe average removal efficiency for MMA was greater
support requirements, material handling requirementshan 99.98 0.01 percent for the 3-month demonstration.
technology limitations, potential regulatory requirementsMMA analyses from the treated effluent stream following
and state and community acceptance. The information the optional permeate carbon filters improved the average
this section is based on the results of the SITEemoval efficiency of the system to 99:890.01 percent.
demonstration, as well as additional information provided he high removal efficiency for MMA was maintained

by Zenon and other parties. after a 3-fold concentration was delivered to the system
(shock loading test), suggesting that a sudden increase in
3.1 Applicable Waste influent MMA concentration had little noticeable effect on

the technology’s performance.

Zenon claims that the technology is designed to remove
biodegradable organics from wastewater streams, leachaté§e permeate COD reduction efficiencies varied from
impoundments, and underground storage tanks. TH&.7 percent to 95.6 percent, yielding an overall COD
typ|ca| wastewater stream consists of h|gh organid;eduction efﬁCiency of 88@ 8.4 percent. COD analyses
biological oxygen demand (BOD), and COD concentration§om the treated effluent stream following the optional
that may contain oils, solvents, surfactants, an@€rmeate carbon filters improved the average reduction
detergents. According to Zenon, the feed streams that tR#ficiency of the system to 9628 5.0 percent. The high
technology has successfully treated contained coremoval efficiency for COD was maintained after a shock
concentrations of 50,000 mg/L, BOD concentrations ofoading test, suggesting that a sudden increase in influent
6,000 mg/L, suspended solids of 4,000 mg/L, an&OD concentration had little noticeable effect on the
emulsified grease of 2,500 mg/L. Zenon indicated that th€chnology’s performance.
ideal COD to BOD ratio in the wastewater should be 2 to
1. The effluent stream typically has COD concentration®ue to high MMA concentrations in the influent, the
of 500 mg/L, BOD concentrations of 15 mg/L, suspendetfboratory was unable to analyze aqueous TCL VOC
solid concentrations of 10 mg/L, and emulsified total oisamples at a low enough dilution factor to quantify the low
and grease concentrations of 20 mg/L The waste S|udg@ncentrati0ns of TCL VOC:s. Therefore, detection limits
stream from the system typically contains a total solidé/ere low enough in only five of 71 samples collected to
concentration of about 30,000 mg/L. quantify TCL VOC concentrations. Consequently,
removal efficiencies for individual TCL VOCs could not

Based on the results of the SITE demonstration, thige calculated for the majority of the samples collected
ZenoGerfi technology is capable of reducing during the demonstration. Reductions of greater than 97
concentrations of MMA other TCL VOCs, and COD in Percent were noted in all TCL VOCs reported (methylene
contaminated groundwater. Appendix C presents thehloride, trichloroethene, benzene, toluene, and o+p
influent concentrations for MMA (tables C-1 through ~ Xylenes).

C-3), COD (tables C-4 through C-6), and VOCs (C-7

through C-9) for the demonstration.
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3.2 Factors Affecting Performance the ideal nutrient requirements for treatment. The
ZenoGemi technology typically does not require high

Based on information provided by the developerhutrient concentrations since the biomass is recycled and

operating parameters that may affect system performané@iained in the system.
include (1) temperature, (2) pH, (3) inorganic nutrients,
and (4) oxygen supply. Oxygen

Temperature An adequate supply of oxygen is critical to an aerobic
environment in which organisms can grow and degrade

During the SITE demonstration, Zenon usedhe organic contaminants. If the supply of oxygen is

microorganisms that typically grow best in theinsufficient, it becomes a limiting factor. Zenon supplies

temperature range of 20 to°40. A high wastewater 0xygen through air diffusers installed along the bottom of
temperature increases biological activity but rarely causége bioreactor.

any severe operating problems. However, the increased

metabolic rate during high contaminant loading period$.3  Site-specific Factors Affecting

with elevated temperature deplete DO, which may inhibit Performance

microorganism growth. A low wastewater temperature

can reduce the microbial reaction rate, resulting in &ijte-specific factors can impact the application of the

slower degradation. In most cases, temperature changesnoGerfi technology, and these factors should be

occur gradually, so modifications in the process operatiogonsidered before selecting the technology for remediation

can be adjusted accordingly. of a specific site. Site-specific factors addressed in this
section are site area, climate, utilities, maintenance,
pH support systems, and personnel requirements. This

section presents support requirements based on information

The hydrogen ion concentration of the groundwategollected during the SITE demonstration.
influences microbial growth. Based on SITE demonstration

results, the ZenoGemtechnology operated best in a 3 3 1 Sijte Area
neutral or slightly alkaline pH environment. The optimum
pH range in the bioreactor is typically maintained betweej{é

6.5and 8.5. Treat t effecti q ; : e actual amount of space required for a ZendGem
- ando.o. freatment eliectiveness does not appear toRfq depends on the size of the system used. For the

affected by changes within this range; however, PFascolite demonstration, the pilot-scale system was

outside of this range can lower treatment performanc%.oused in a transportable trailer. The trailer requires a 12-

For_ gxample, base.)d. on general microbiology, microbiqloot by 60-foot area to support a maximum operating

activity may be |nh|_b|ted ata pH above 9_'0' A pH beIOV\(/veight of 45,000 pounds. The trailer also requires 14 feet
6'.5 favors an environment where fungi can OVEICOMEs overhead clearance. About 1,000 square feet are
microorganisms for food supply. The effects of varylngnacessary to operate and unload equipment. Once the

g':gpand or;[he_rfglgeochemlca(; parameters (such als Dod?‘Pr iler is set up, the system can be operational within 2
.) In t €in uent groundwater, were not eva !Jate Weeks if all necessary utilities, production wells, feed
detail during the SITE demonstration, as influen ines, and supplies are available

groundwater pH was relatively constant throughout the

demonstration period. According to Zenon, the system can be constructed in a 40-

foot internationally accepted container or mounted on a
modular skid. The 40-foot container can be modified to

. . . . ) provide shelter, where the skid-mounted unit needs to be
Inorganic nutrients, primarily nitrogen and phosphorushOusecl inside a building

are essential for the biological process. Insufficient
amounts of nutrients will slow the degradation rate ofA

organic compounds. Nitrogen may be provided in Yntreated and treated groundwater storage tanks, and a

variety of_forms, such as nltratg and ammonitim S‘F’.llt%lrum staging area for generated wastes. Additionally, a
Zenon typically performs treatability studies to determine

Inorganic Nutrients

dditional space in a bermed area is required for optional
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building or shed is useful to protect supplies. Othetreatment systems that rely on settling characteristics to
installation and monitoring requirements include securityemove suspended solids from treated effluent. Major

fencing and access roads for equipment transport. problems associated with conventional wastewater
treatment processes is sludge bulking, sludge rising, and
3.3.2 Climate sludge wasting rate. With the ZenoGegystem, these

problems are eliminated with the addition of the

The ZenoGefh system is not designed to operate atltrafiltration module.

temperatures near or below freezing. If such temperatures

are anticipated, the ZenoGenmfull-scale unit and Periodic cleaning of the ultrafiltration membrane may be
associated storage tanks should be installed in a climat&quired when a significant pressure loss (20 percent) is
controlled environment (for examp|e, Operating thé)bserved in the ultrafiltration module. The Cleaning
system in a heated warehouse). In addition, abovegrouféecedure requires filling a 50 gallon clean-in-place tank

piping to the system must be protected from freezing. with clean water, adding a proprietary chemical cleaner,
and recirculating the liquid through the membrane and

3.3.3 Utilities back into the clean-in-place tank. The spent liquid is
biodegradable and therefore can be transferred to the

Use of the ZenoGet system requires water and bioreactor for treatment.

electricity. Water is required for a safety shower, an eye
wash station, personnel decontamination, and bioreact
cooling. For bioreactor cooling, the water supply must b
capable of providing 60 psi pressure and a flow rate of ,000 to 30,000 mg/L, or the VSS exceed 25,000 mg/L.

gpm. According to Zenon, the cooling water is specific to ypically, the ZenoGefh system is capable of

the trailer mounted unit used for the SITE demonstratioma'ntaInlng a solids retention time of 50 days. The result

and may not be necessary at all sites. Information such Sextended use of the microorganisms and reduced waste

degradation rates, influent COD concentrations, bioreact sposal. Solids or sludge are r_emoved by connecting a
size, permeate flow rate, feed flow rate, site location, and®S€ 0 an outlet port and removing the desired amount of
general heat balance are some of the factors zendfpste from the system.

considers when determining the need for bioreactor

cooling. If water is unavailable, arrangements must bg-3-5 Support Systems

made to deliver, store, and pump water. In addition, about

200 gallons of water are required for equipment washind Piping network from the source of the contaminated
and decontamination. groundwater to the ZenoGémsystem must be

constructed. However, a tanker truck may be used to

Electricity is used to run the pumps and blowers, and téansport contaminated groundwater to the system. The
power the Computer_controued Operating System.ZEHOGerﬁ SyStem Operates in a continuous ﬂOW-thrOUgh

Electricity is required for heating and air conditioning, andnode during remediation. An equalization tank is usually

running on-site analytical equipment. Electrical power fofequired to contain the groundwater if flow rates to the

the ZenoGefh system can be provided by portableSystem are too low.

generators or 460-volt, 3-phase, 60-Hz, 30-ampere

electrical service. Based on observations made during tié3.6 Personnel Requirements

SITE demonstration and estimates provided by Zenon, the

trailer-mounted unit operating for 24 hours draws abouDnce the system is functioning, it generally operates
225 kilowatt hours (kWh) of electricity; this extrapolatesunattended except for periodic monitoring and routine

to annual electrical energy consumption of aboutnaintenance. An on-site operator (trained by Zenon

Iuring operation, it is typical to remove solids (or sludge)
om the bioreactor when the TSS are in the range of

82,000 kWh. during the startup phase) should periodically monitor the
system to ensure safe, economical, and efficient operation,
3.3.4 Maintenance and to conduct sampling activities. Remote monitoring

and alarm systems notify Zenon and the on-site operator of

The use of the ultrafiltration module in the systemmalfunctions in the system. Under normal operating
eliminates problems associated with typical wastewatéonditions, the operator is required to monitor the system
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for about 7 hours per week. Time for sampling the influentvater may be stored in 55-gallon drums. Disposal options
and effluent, testing the samples for field parameterfr this waste depend on local requirements and the
(temperature, pH, DO, COD, TSS), and packaging angresence or absence of contaminants. The options may
shipping samples off site for TCL VOC analyses isrange from on-site disposal to incineration.

included in this estimate. Zenon performs periodic routine

maintenance activities for the treatment equipment. 3.5 Technology Limitations

3.4 Material Handing Requirements Elevated oil and grease concentrations, inorganic
suspended solids, and metals may reduce the treatment

The primary residual generated by the ZenoGsystem efficiency of the system. Elevated oil and grease
is biological waste sludge produced as a by-product of trmncentrations can inhibit the growth of microorganisms,
biological degradation of the waste constituents. Theesulting in a slower contaminant degradation.
quantity of sludge varies with the type of waste degradedjnemulsified oil and grease concentrations may also foul
however, typical values are about 0.1 pound of sludge pé#re ultrafiltration membrane surface, reducing the amount
pound of COD removed from the influent stream. of permeate discharge from the module.

Zenon can reduce the volume of waste sludge for dispodalorganic suspended solids that are not degraded in the
by continuously recirculating the contents through théioreactor accumulate in the mixed liquor and may limit
ultrafiltration module. This procedure dewaters andhe process pumps’ efficiency to recirculate the
concentrates the sludge, yielding a smaller volume faroncentrate, and may cause fouling of the ultrafiltration
disposal. During the SITE demonstration, themembrane. In addition, metal concentrations can be toxic
ultrafiltration module reduced the volume of sludge in théo microorganisms, reducing biological growth enough to
bioreactor from 700 gallons to 400 gallons in about 4nterupt treatment.
hours. Waste sludge can be stored in 55-gallon drums for
off-site transport and disposal. The waste sludge may li@epending on wastewater characteristics, pretreatment
subject to Resource Conservation and Recovery Adan be incorporated into a treatment train to prevent these
(RCRA) regulations as a hazardous waste. problems. Pretreatment options include sedimentation,
flotation, chemical precipitation, and microfiltration.
Secondary waste streams generated by the ZendGe&enon manufactures pretreatment systems for any
technology consist of proprietary membrane cleaningecessary application.
solution, spent carbon filters, and decontamination water.
During the SITE demonstration, Zenon generated abo®.6 Potential Regulatory Requirements
100 gallons of membrane cleaning solution, which was
treated in the bioreactor near the end of the demonstratiorhis section discusses regu|at0ry requirements pertinent
Spent carbon used for TCL VOC removal in the permeaig uysing the ZenoGehtechnology at Superfund, RCRA
and off-gas stream may be disposed of or regenerateghrective action, and other cleanup sites. The regulations
Decontamination water may be stored in 55-gallon drumgertaining to applications of this technology depend on
for off-site disposal. Disposal options depend on locadjte-specific conditions; therefore, this section presents a
requirements and the presence or absence of contaminagfsneral overview of the types of federal regulations that
Disposal options may range from on-site disposal tghay apply under various conditions. State and local
disposal in a hazardous waste or commercial landfill.  requirements also should be considered; because these
requirements vary, however, they are not presented in
Installation of production wells may be necessary t@etail in this section. Table 3-1 summarizes the

provide groundwater to the system. During productioRnvironmental laws and associated regulations discussed
well drilling, drill cuttings and well development water arejn this section.

generated. During the SITE demonstration, four
production wells were drilled to a depth of about 25 feet
which produced drill cuttings and development water. The
drill cuttings can be stored in 55-gallon drums or in lined,
covered, roll-off boxes, or other receptacles. Development
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Table 3-1. Summary of Environmental Regulations

Act/Authority Applicability Application to the ZenoGem® Technology Citation

CERCLA Cleanup at This program authorizes and regulates the 40 CFR part
Superfund sites cleanup of releases of hazardous substances. 300

It applies to all CERCLA site cleanups and
requires consideration of other environmental
laws as appropriate to protect human health
and the environment.

RCRA Cleanups at RCRA regulates the transportation, treatment, 40 CFR parts
Superfund and storage, and disposal of hazardous wastes. 260 to 270
RCRA sites RCRA also regulates corrective actions at

treatment, storage, and disposal facilities.

CWA Discharges to NPDES requirements of CWA apply to both 40 CFR parts
surface water Superfund and RCRA sites where treated 122 to 125, part
bodies water is discharged to surface water bodies. 403

Pretreatment standards apply to discharges to
POTWs.

SDWA Water discharges, Maximum contaminant concentrations and 40 CFR parts
water reinjection,  contaminant concentration goals should be 141 to 149
and sole-source considered when setting water cleanup levels
aquifer and at RCRA corrective action and Superfund sites.
wellhead Sole sources and protected wellhead water
protection sources would be subject to their respective

control programs.

CAA Air emissions If VOC emissions occur or hazardous air 40 CFR parts
from stationary pollutants are of concern, these standards may 50, 60, 61, and
and mobile be applicable to ensure that use of this 70
sources technology does not degrade air quality. State

air program requirements also should be
considered.

AEA and Mixed waste AEA and RCRA requirements apply to the AEA (10 CFR

RCRA treatment, storage, and disposal of mixed part 60) and

waste containing both hazardous and RCRA (see
radioactive components. OSWER and DOE above)
directives provide guidance for addressing

mixed waste.

OSHA All remedial OSHA regulates on-site construction activities 29 CFR parts

actions and the health and safety of workers at 1900 to 1926
hazardous waste sites. Installation and
operation of the ZenoGem® biological and
ultrafiltration process must meet OSHA
requirements.

NRC All remedial These regulations include radiation protection 10 CFR part 20

actions standards for NRC-licensed activities.
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3.6.1 Comprehensive Environmental 3.6.2 Resource Conservation and

Response, Compensation, and Recovery Act

Liability Act

RCRA, as amended by the Hazardous and Solid Waste

The Comprehensive Environmental Responsé?isposal Amendments of 1984, is the pl‘imary federal
Compensation, and Liability Act (CERCLA), as amendedegislation governing management and disposal of
by SARA of 1986, authorizes the federal government t§azardous waste. Although a RCRA permitis notrequired
respond to releases of hazardous substances, pollutantsf@r on-site remedial actions at Superfund sites, the
contaminants that may present an imminent andenoGerfi technology must meet all substantive
substantial danger to public health or welfare. CERCLA€quirements when treating hazardous wastes.
pertains to the ZenoGémechnology by governing the
selection and application of remedial technologies af RCRA hazardous waste maybe defined as a
Superfund sites. Remedial alternatives that significantigharacteristic or listed waste. Criteria for identifying
reduce the volume, toxicity, or mobility of hazardouscharacteristic hazardous wastes are listed in Title 40 of the
substances and provide long-term protection are preferregdode of Federal Regulations (CFR) Part 261 Subpart C.
Selected remedies must be cost-effective, protective fsted wastes from nonspecific and specific industrial
human health and the environment, and must comply witgpurces, off-specification products, spill cleanups, and

environmental regulations to protect human health and tgher industrial sources are specified in 40 CFR Part 261
environment during and after remediation. Subpart D. Subtitle C of RCRA contains requirements for

generation, transportation, treatment, storage, and

CERCLA requires identification and consideration ofdisposal of hazardous wastes. Compliance with these
environmental requirements that are ARARs for sitéequirements is mandatory for CERCLA sites generating,
remediation before implementation of a remediaptoring, or treating hazardous waste on site.

technology at a Superfund site. Subject to specific

conditions, EPA allows ARARs to be waived in If the influent groundwater to the technology is classified
accordance with Section 121 of CERCLA. The condition@s hazardous waste, the substantive requirements of a
under which an ARAR may be waived are the following/RCRA Subtitle C treatment, storage, and disposal (TSD)
(1) an activity that does not achieve compliance with aRermit must be met. If the effluent groundwater is
ARAR, but is part of a total remedial action that will determined to be hazardous and is shipped off site for
achieve Comp”ance (SUCh as a removal actionﬁisposal, a Uniform Hazardous Waste Manifest must
(2) achievement of an equivalent standard of performan@ccompany the shipment. Air emissions from operation of
without complying with an ARAR; (3) compliance with the ZenoGerhsystem are subject to RCRA regulations on
an ARAR will result in a greater risk to health and thedir emissions from hazardous waste TSD operations and
environment than will noncompliance; (4) complianceare addressed in 40 CFR Part 264 and 265, Subparts AA
with an ARAR is technically impracticable; (5) a stateand BB. The air emission standards are applicable to TSD
ARAR has not been consistently applied; and (G}Jnits subject to the RCRA permitting requirements of 40
compliance with the ARAR for fund-lead remedial actionsCFR part 270 or hazardous waste recycling units that are
will result in expenditures that are not justifiable in termgtherwise subject to the permitting requirements of 40
of protecting public health or welfare, given the needs fofFR Part 270.

funds at other sites. The justification for a waiver must be

clearly demonstrated (EPA 1988a). Off-site remediation§ransportation of all hazardous material must comply
are ineligible for ARAR waivers, and all applicable With U.S. Federal Department of Transportation (DOT)
substantive and administrative requirements must be métazardous waste packaging, labeling, and transportation
CERCLA requires on-site discharges to meet a|[egulations. The receiving TSD faC|I|ty must be permitted
substantive state and federal ARARs, such as efflueff Similarity authorized and in compliance with RCRA
standards. Off-site discharges must comply not only witGtandards. The RCRA land disposal restrictions (LDR) in
substantive ARARs, but also state and federaf#O CFR 268 preclude the land disposal of hazardous waste
administrative ARARS, such as permitting, designed tg]at fail to meet StipUIated treatment standards. The LDR

facilitate implementation of the substantive requirementdféatment standards applicable to extracted groundwater,
soil cuttings, and residuals from groundwater treatment

35



depend on the process that generated the waste or on thieeated effluent water from the ZenoGetachnology is

types and concentrations of the contaminants presentfieinjected into the subsurface environment it will be
these wastes. Wastes that do not meet these standaefyulated by the underground injection control program
must receive additional treatment to bring the wastes infound in CFR 40 Parts 144 and 145. Injection wells are
compliance with the standards prior to land disposal, or beategorized as Class | through V, depending on their

issued a variance. construction and use. Reinjection of treated water
involves Class IV (reinjection) or Class V (recharge) wells
3.6.3 Clean Water Act and should meet requirements for well construction,

operation, and closure. If the groundwater, after

The Clean Water Act (CWA) is designed to restore anHeatment, still contains hazardous waste, then its
maintain the chemical, physical, and biological quality of€injeced into the upper portion of an aquifer would be
navigable surface waters by establishing federal, state, afbject to 40 CFR Part 144.13, which prohibits Class IV
local discharge standards. Treated effluent water from thyells.

ZenoGermfi system may be regulated under the CWA if it

is discharged to surface water bodies or a POTW. On-sifde sole-source aquifer and wellhead protection programs
discharges to surface water bodies must meet substant®€ designed to protect specific drinking water supply
National Pollution Discharge Elimination SystemSources. If such a source is to be remediated using the
(NPDES) requirements, but do not require a NPDEZenoGerfi system, appropriate program officials should
permit. Off-site discharges to a surface water body requifee notified, and any potential regulatory requirements
an appropriate NPDES permit and must meet NPDESshould be identified. State groundwater antidegradation
permit limits. Discharge to a POTW is considered an offtequirements and water quality standards may also apply.
site activity, even if an on-site sewer is used. Therefore,

compliance with substantive and administrative3.6.5 Clean Air Act

requirements of the national pretreatment program is

required. General pretreatment regulations are includedirhe Clean Air Act (CAA), as amended in 1990, establishes
40 CFR Part 403. Any local or state requirements, such asimary and secondary ambient air quality standards for
state antidegradation requirements, must be identified apdotection of public health and emission limitations for

satisfied. certain hazardous air pollutants. Permitting requirements
under CAA are administered by each state as part of State
3.6.4 Safe Drinking Water Act Implementation Plans developed to bring each state into

compliance with National Ambient Air Quality Standards

The Safe Drinking Water Act (SDWA), as amended ifNAAQS).

1986, requires EPA to establish regulations to protect

human health from contaminants in drinking water. Thd he ambient air quality standards for specific pollutants
legislation authorizes national drinking water standarddpPply to the ZenoGefritechnology because of emissions
and a joint federal-state system for ensuring compliand&om a point source to the ambient air. Allowable emission
with these standards. The SDWA also regulatelimits for operating a ZenoGemsystem will be

underground injection of fluids and sole-source aquifefStablished on a case-by-case basis depending on the type
and well head protection programs. of waste treated and whether or not the site is in an

attainment area of the NAAQS. Allowable emission

The National Primary Drinking Water Standards are foundimits may be set for specific hazardous air pollutants,
in 40 CFR Parts 141 through 149. SDWA primary oiParticulate matter, or other pollutants. If the site is in an
health-based, and secondary or aesthetic maximugitainment area, the allowable emission limits may still be
contaminant levels (MCL), will generally apply as Ccurtailed by the increments available under Prevention of
cleanup standards for water that is, or may be, used f&ignificant Deterioration (PSD) regulations. ~An air
drinking water supply. In some cases, such as wheiatement device, such as a carbon absorption unit, is
multiple contaminants are present, alternate concentratidyPically required to remove VOCs from the process air
limits (ACL) may be used. CERCLA and RCRA Stream before discharge to the ambient air.

standards and guidance should be used in establishing

ACLs.
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The ARARSs pertaining to the CAA can only be determinedCERCLA remedial actions and RCRA corrective actions

on a site-by-site basis. Remedial activities involving thenust be performed in accordance with OSHA requirements
ZenoGerfi technology may be subject to the requirementsetailed in 20 CFR Parts 1900 through 1926, especially
of Part C of the CAA for the prevention of significant Part 1910.120, which provides for the health and safety of
deterioration of air quality in attainment (or unclassified)workers at hazardous waste sites. On-site construction
areas. The PSD requirements will be applicable when treetivities at Superfund or RCRA corrective actions sites

remedial activities involves a major source or modificatiormust be performed in accordance with Part 1926 of
as defined in 40 CFR part 2.21. The PSD significanDSHA, which provides safety and health regulations for

emission rate for VOCs is 40 tons per year. Activitiexonstruction sites. State OSHA requirements, which may
subject to PSD review must ensure application of be$te significantly stricter than federal standards, must also
available control technologies (BACT) and demonstratbe met.

that the activity will not adversely impact ambient air

quality. All technicians operating the ZenoGensystem are
required to have completed an OSHA training course and
3.6.6 Mixed Waste Regulations must be familiar with all OSHA requirements relevant to

hazardous waste sites. For most sites, minimum personal

Use of the ZenoGeMnsystem at sites with radioactive Protective equipment (PPE) for technicians will include
contamination might involve treatment of mixed wastegloves, hard hats, steel-toed boots, and coveralls.
As defined by the Atomic Energy Act (AEA) and RCRA, Depending on contaminant types and concentrations,
mixed waste contains both radioactive and hazardo@lditional PPE may be required. Noise levels should be
waste components. Such waste is subject to tHaonitored to ensure that workers are not exposed to noise
requirements of both acts. However, when application deVels above a time-weighted average of 85 decibels over
both AEA and RCRA regulations results in a situation than 8-hour day.
is inconsistent with the AEA (for example, an increased
likelihood of radioactive exposure), AEA requirements3.7  State and Community Acceptance
supersede RCRA requirements (EPA 1988a). OSWER, in
conjunction with the Nuclear Regulatory CommissionState regulatory agencies will likely be involved in most
(NRC), has issued several directives to assist iapplications of the ZenoGénsystem at hazardous waste
identification, treatment, and disposal of low-levelsites. Local community agencies and citizens’ groups are
radioactive mixed waste. Various OSWER directive®ften actively involved in decisions regarding remedial
include guidance on defining, identifying, and disposinglternatives.
of commercial, mixed, low-level radioactive, and
hazardous waste (EPA 1988b). If the Zeno&emBecause few applications of the ZenoGetechnology
technology is used to treat groundwater containing lowhave been completed, limited information is available to
level mixed waste, these directives should be considerealssess long-term state and community acceptance.
If high-level mixed waste or transuranic mixed waste isHowever, state and community are generally expected to
treated, internal Department of Energy (DOE) ordersaccept this technology, because (1) the technology does
should be considered when developing a protectivaeot involve combustion processes, and (2) the system is
remedy (DOE 1988). The SDWA and CWA also contaircapable of significantly reducing concentrations of
standards for maximum allowable radioactivity levels inhazardous substances in groundwater.
water supplies.

The New Jersey Department of Environmental Protection
3.6.7 Occupational Safety and Health (NJDEP) oversees investigation and remedial activities at

Administration Requirements the Nascolite site. State personnel were actively involved
in the preparation of the work plan for the demonstration

The Occupational Safety and Health Administratio pf the pilot-scale system and monitored system
P y " stallation and performance. NJDEP will also be actively

OSHA requires personnel employed in hazardous was}® ed in planning f ful | ¢ installed at
operations to receive training and comply with specifid!V0'Ved Ih planning forany fuli-scale systems installed a

working procedures while at hazardous waste siteéhe S|t_e. The role_ of s_tat_es n selectlng and applying
remedial technologies will likely increase in the future as
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state environmental agencies increasingly assume many
of the oversight and enforcement activities previously
performed at the EPA regional level. For these reasons,
state regulatory requirements that are sometimes more
stringent than federal requirements may take precedence
for some applications. As risk-based closure and
remediation become more common, site-specific cleanup
goals determined by state agencies will drive increasing
numbers of remediation projects, including applications
involving the ZenoGefhtechnology.
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Section 4
Economic Analysis

This section presents cost estimates for using th&gnificantissues and assumptions for the Case 1 analysis,
ZenoGenfi technology to treat groundwater contaminatedand Section 4.4 discusses the associated costs, Section 4.5
with VOCs. The cost estimates are based on data compildidcusses Case 2, and Section 4.6 presents Case 2 costs,
during the SITE demonstration at the Nascolite site anSlection 4.7 presents conclusions of the economic
information obtained from Zenon, independent vendorsnalyses.
and current environmental restoration cost estimating
guidance. To facilitate comparison with conventional remediation
technologies, costs are distributed among 12 categories
Costs for actual applications of this technology may vargapplicable to typical cleanup activities at Superfund and
depending on the types and concentrations of thRCRA sites. These cost categories are (1) site preparation,
contaminants present, regulatory cleanup requirement®) permitting and regulatory, (3) mobilization and
and other site-specific factors. This section presents costartup, (4) equipment, (5) labor, (6) supplies, (7) utilities,
for two hypothetical applications of the ZenoGem (8) effluent treatment and disposal, (9) residual waste
technology to demonstrate how costs may vary betweeshipping and handling, (10) analytical services,
sites with different design and operating requirements. (11) equipment maintenance, and (12) site demobilization
(Evans 1990). Costs are rounded to the nearest 100 dollars
The cost estimates required a number of assumptions dnd considered order-of-magnitude estimates.
account for variable site- and waste-related parameters,
and to simplify situations that would require complex4.1  General Factors Affecting Costs
engineering or financial functions in actual applications.
Assumptions regarding the type of system used, flow ratehis economic analysis presents estimated costs for two
duration of the remedial project, volume treated, and oth@gtenarios (Case 1 and Case 2) in which the Zen8Gem
factors significantly affect the total estimated cost and coslystem is applied to sites with different characteristics and
per gallon of water treated in each scenario. operating requirements. The selected system must be
configured to meet site-specific conditions. These
Itis also important to note that the system demonstrated @nditions will therefore affect overall costs for any
the Nascolite site was operated at pilot-scale t@pplication of the ZenoGemsystem by determining
demonstrate that the system could remove MMA, TClgperating parameters and implementation costs. It is
VOCs, and COD from contaminated groundwater. Th@nportant to note that the general types of site-specific
cost estimates in this report are partially based ogonditions discussed below will influence costs for

extrapolation of the pilot-scale data to longer periods angﬁrtua”y any type of groundwater or aqueous waste
higher flow rates. Costs for systems designed for optimabmediation system.

full-scale performance at full capacity may vary
significantly from the cost scenarios in this report. The regulatory status of the site, which is often determined

_ _ . by the type of waste management activities that occurred
Section 4.1 discusses general factors affecting costs fgp sjte, the relative risk to nearby populations and

any application of the ZenoGértechnology; Section 4.2 ecological receptors, and other factors, affects costs by
describes the two scenarios. Section 4.3 summarizes thfandating ARARs and remediation goals. ARARs and
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remediation goals ultimately determine the type ana@ggressive treatment programs than situations where a site
configuration of the system, operating parameterss relatively isolated from potential receptors. High-
duration of the remediation project, effluent managementisibility sites in densely populated areas may require
procedures, and other factors affecting costs. Certaligher security and the need to minimize obtrusive
types of sites may also have more stringent monitoringonstruction activities, noise, dust, and air emissions.
requirements than others, depending on regulatory statidobilization and demobilization costs are affected by the
relative distances that equipment must travel to the site.
Other site-specific factors affecting costs can generally b®ite preparation costs are influenced by the availability of
divided into waste-related factors and site featuresccess roads and utility lines and by the need for additional
Waste-related factors affecting costs include wastequipment to withstand freezing temperatures in colder
volume, contaminant types and concentrations, andimates. In cold climates, the system may need to be
regulatory agency-designated treatment goals. housed in a heated structure, and piping may require sub-
grade placement or heat tracing to prevent freezing.
Waste volume affects total project costs because a largéfithin the U.S., there can be significant regional
volume takes longer to remediate or requires a higheariations in costs for materials and equipment, and
treatment system capacity. However, economies of scalilities.
can be realized with a larger-volume project because the
fixed costs, such as equipment costs, are distributed ov&ssumptions regarding site hydrogeology are critical in
the larger volume. determining overall project costs. Hydraulic conductivity
and saturated thickness will determine the withdrawal rate
The types and concentrations of contaminants to be treatedcessary to capture or control the migration of a
and the treatment goals for the site determine theontaminant plume, which affects the rate of flow to (and
appropriate size and configuration of the treatment systethrough) the system and the duration of the remediation
components, which affects capital equipment costgroject. These factors in turn determine design parameters
Contaminant concentrations can also influence costs and costs for the ZenoGé&mystem and the supporting
determining the flow rate at which treatment goals can bgroundwater extraction and effluent management systems.
met. For example, high concentrations of contaminants é&or example, higher flow rates may require use of a series
nonaqueous phase liquids (NAPL) may be toxic to thef filtration modules in parallel and increase the amount of
microorganisms in the system at high feed rates, amakygen supplied to the bioreactor. Extraction wells may
therefore may require a slower feed rate to the system. Theovide the desired hydraulic control and flow rate in some
presence of NAPL may also limit the rate at whichsituations; however, for low-yielding, shallow aquifers, a
groundwater may be pumped from an aquifer, and requigassive collection system (trench with french drain) may
specialized types of pumps for some applications. Soniee more effective and economical to construct and
types of contaminants may create greater oxygen demaogerate.
in the bioreactor, which may result in higher power
consumption and significantly affect electrical costs oveln addition to contaminant characteristics, non-contaminant
a long-term project. Contaminant characteristics wilchemical characteristics of the groundwater or aqueous
affect sampling requirements and analytical costs, and wilVaste can affect costs in several ways. Groundwater
determine health and safety procedures and PREmperature, pH, TSS, DO, and inorganic constituents
requirements for all site activities. Overall, higher costsnay impact the metabolic rate within the bioreactor, and
will be incurred at sites requiring work at higher health andletermine the need for pretreatment of influent water.
safety/PPE levels. High concentrations of suspended solids may foul the
filtration membranes. Some soluble metals may be toxic
Site features affecting costs include site locationto the organisms in the bioreactor, necessitating additional
accessibility, and infrastructure; hydrogeologic factorspretreatment to remove the metals or more frequent sludge
and groundwater chemistry. Site location, accessibilitydisposal. These factors could affect equipment costs,
and infrastructure affect equipment and operating costspnsumable and time-related variable costs, and
site preparation costs, and mobilization costs. For sitesaintenance costs. Groundwater chemistry may also
posing a significant risk to nearby potential receptorsaffect the amount of oxygenation required for feed waste
remediation goals may be more stringent and require moeatering the bioreactor, affecting utility costs, and may
also influence the management of effluent.
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Electricity consumption can vary considerably dependingreated than in Case 2. However, short-term treatment
on the total number of pumps and other electricatosts per gallon would be comparatively high (relative to
equipment operating.  Treatment systems requirinipng-term costs) for many types of groundwater treatment
extraction wells will operate pumps that will incur slightly systems. In emergency response situations, technical
higher electricity costs depending on the pump sizes. Sitésasibility, proven reliability, and speed of deployment are
requiring a higher oxygen feed rate for the bioreactor wilbften primary considerations.
incur higher electricity costs.
In Case 2, the ZenoGéntechnology is used for a long-
4.2 OQverview of Cost Scenarios term project to treat landfill leachate containing VOCs and
high BOD. The primary goal of the remedial project in

Costs were estimated for cases involving two differenfase 2 is containment and treatment of leachate as it is
hypothetical applications of the ZenoGesystem. Case 1 generated, rather than a situation such as Case 1, where an
assumes that a rented, trailer-mounted system tregguifer is already contaminated and a more aggressive
groundwater at a rate of 1,400 gpd for a 1-year periodemedial programis necessary. For this reason, timeframe
Case 2 assumes that a modular (skid-mounted) system wWfif deployment is not assumed to be as critical as in Case

be purchased and used to treat leachate at a rate 1,400 gpd Case 2 assumes that time for more extensive site
for a 10-year period. support facilities (such as a building to house the less-

expensive, skid-mounted system) to be constructed. The

Both cases assume a higher flow rate than the 480 gpd ra¥stem operates for a 10-year period, and treats a much

used during the SITE demonstration. The higher flodarger volume than the system in Case 1. Although total

rates may be more representative of full-scale applicatio#®sts are higher than in Case 1, the estimated cost per

of the ZenoGef technology. Based on information 9allon is significantly lower because all costs are

provided by Zenon, the higher flow rates are feasibledistributed over a larger treatment volume.

however, system performance at these higher flow rates

was not evaluated during the SITE demonstration. Thé.3  Case 1 Analysis

timeframes assumed for the cost estimates were selected

for consistency with cost evaluations of other innovativeCase 1 is presented to demonstrate application of the

technologies evaluated by the EPA SITE Program, andenoGerfi system to a short-term groundwater remediation

because they facilitate comparison to typical costproject requiring a mobile system capable of rapid

associated with conventional, remedial options. Howevedeployment with minimal site preparation. Section 4.3.1

neither timeframe reflects estimates of the time that magresents the key issues and assumptions considered for the

actually be required to remediate groundwater at th€ase 1 cost estimate; Section 4.3.2 discusses waste

Nascolite site. characteristics and site features; and Section 4.3.3 presents
equipment and operating parameters.

Case 1 is based on a system similar to the trailer-mounted

system used during the SITE demonstration, operating fat. 3.1 /ssues and Assumptions

a relatively short operating period. Renting Zenon’s

mobile, trailer-mounted system may be especiallyrhis section summarizes major issues and assumptions

applicable for short-term, aggressive remedial program@garding  site-specific factors and equipment and

where rapid mobilization and Startup with minimal Siteoperating parameters for Case 1. In generaL Zen8Gem

preparation are desired. For example, the trailer-mounteuipment operating assumptions are based on information

system could be rapidly deployed and set up at a spill sifgovided by Zenon and observations made during the

when a nearby water supply source is threatene@|TE demonstration. Other assumptions are based on
Dependlng on the magn|tUde of the prOblem, the Systeﬁurrent engineering cost guidance_

could either be part of the permanent remedial solution, or

an interim measure associated with a containmeny 3 2 \Waste Characteristics and Site
program while the scope of the problem and a permanent Features

solution are determined. The short operating period limits

the total volume of groundwater potentially treated in Cas _ . - .
gssumptlons regarding waste characteristics and site

1, resulting in a higher estimated cost per gallon of wat ;
eatures are the following:
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The site is a Superfund site; site hydrogeology and/.3.3 Equipment and Operating

contaminant characteristics are well-characterized.

The system will be used as an interim, short-terng
containment measure to limit off-site migration of a
small contaminant plume while a permanent remedi?
solution is being selected. The project require
removal and treatment of about 500,000 gallons
groundwater over a 1 year period.

Parameters

ome assumptions regarding the equipment for Case 1 are
ased on SITE demonstration data for the system
emonstrated at the Nascolite site, extrapolated to a 1-year
0(1)perating period. Different operating parameters (most
significantly flow rate) were assumed to more closely
approximate operating conditions

for full-scale

The influent stream is groundwater contaminated witiPPlications.

MMA at an average concentration of 3,000 mg/L.

Assumptions

regarding equipment and operating

All contamination is in dissolved phase (no NAPL isparameters for Case 1 are the following:

present).

Level D (minimal) or E (no specific requirements)
health and safety/PPE requirements will apply to all
site activities. g

No pretreatment is required.

Contaminated groundwater will be extracted from ae
moderate-yielding sand and gravel aquifer. The top of
the sand and gravel zone is about 5 feet bgs. The depth
to water is about 15 feet bgs, and the base of the aquifer
is about 25 feet bgs. y

The groundwater plume is relatively small; one °
extraction well will provide the desired feed rate to the
system (1,440 gpd total or about 1 gpm).

No sewer lines exist on site, and no POTWs are
located in the area. Because contaminants will be
treated to nondetectable levels, effluent groundwater
can be returned to the aquifer through an injection well
located adjacent to the treatment system, upgradient
from the extraction well.

The site is located in a rural area in the northeastern
U.S. Regional winter temperatures are below 0° C for
several days in a row, requiring antifreezing measures.

L]

The site is located in a rural area, but has existing
electrical lines, access roads, and a security fence.

The ZenoGermsystem is mobilized from within 500 °
miles of the site.
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The ZenoGef treatment system is mounted in a
mobile, 46-foot, refrigerated and heated semitrailer.

The system will be rented for a period of 1 year.
Depreciation and salvage value is assumed to be
incurred by Zenon and reflected in the rental costs.

The system is mobilized to the site and assembled by
Zenon. Zenon will also perform periodic maintenance
and modification activities paid by the client.

Groundwater will be treated to meet MCLs.

The treatment system is operated 24 hours per day, 7
days per week, for 1 year. Downtime for routine
maintenance is assumed to be minimal and is not
considered in this estimate.

The system operates at a flow rate of 1,440 gpd,
treating a total of 530,000 gallons during the year.

System effluent will require carbon polishing to
achieve nondetectable target cleanup goals. Air
emissions will also be cleaned by carbon prior to
release to the atmosphere; air discharge permits and
air sampling are assumed to not be required.

The treatment system operates automatically without
the constant attention of an operator and will shut
down in the event of system malfunction.

One technician will be needed part time to inspect the
equipment, collect weekly samples, and conduct
routine maintenance on the system. Initial operator
training is provided by Zenon.



e Sampling and analytical QA/QC requirements forA submersible pump will maintain the flow rate necessary
system performance monitoring will not be asfor this case. The estimated pump cost, including
stringent as those followed during the SITEelectrical controls and installation, is about $3,000.
demonstration. One treated and one untreatddsulated, heat-traced piping and valve connection costs
aqueous sample will be collected weekly and analyzeare estimated to be about $25.00 per foot for a total cost of
by an off-site laboratory for VOCs. Treated and$5,000, assuming the well will be located less than 200 feet
untreated aqueous samples will also be collecteflom the treatment system. The total costs for pumps and
periodically and analyzed on site for temperature, pHpiping are estimated to be about $8,000.

COD, and DO to monitor system performance.
The system will require continuous management of the
4.4 Case 1 Costs treated groundwater. If groundwater monitoring wells
exist in the treatment area, they may be maodified to serve
This section presents the costs associated with Caseas. injection wells, and construction of a groundwater
Subsections are organized to correspond with the 12 casicharge system may not be required. This cost analysis
categories typical to Superfund sites. Table 4-1 showsassumes that construction of an injection well will be
breakdown of the Case 1 costs by category, and Figure #quired. The ZenoGéntreatment system will be located

1 shows the cost percentage distribution for each categomypgradient from the extraction well in this case. For this

reason, the injection well could be located adjacent to the

4.4.1 Site Preparation Costs treatment system, allowing injected, treated water to

continuously recirculate through the contaminated zone.
Site preparation costs include a treatability studyAn injection well would have the same general design
administrative costs, treatment area preparation, arspecifications as the extracf[ion well, with the _exception
design costs. For this analysis, administrative costs, suéfgt N0 pump would be required, and could be installed at
as costs for legal searches, access rights, and site plannifi§ Same time as the extraction well, without requiring a
activities, are estimated to be minimal as the system wigeparate mobilization. The cost for this well is estimated
be deployed rapidly and set up at a site that has befhbe $1,500.

extensively investigated. Total administrative costs are . . . _ _
assumed to be about $10,000. Design costs include engineering designs for extraction

and injection well placement and construction, electrical

Zenon will conduct a treatability study to determine if thg?oWwer supply and piping_ Conf_igurations, site layout, and
ZenoGerfi technology is suitable for remediation, and to@Y ot_her necessary engineering services. Casel assumes
determine the design specifications for the site. Zendiat site hydrogeology and contaminant characteristics

estimates a typical treatability study to cost about $5,00f/ave been defined through RI/FS activities, so the
including labor and equipment costs. extraction and injection well designs will require minimal

effort. Treatment equipment design is included in this

Treatment area preparation includes constructing afflculation to account for any design modifications Zenon
extraction well, installing the pump, valves, and piping tgn@y make prior to mobilizing the system. However,
carry the groundwater to the ZenoGetmeatment system, becguse the re_nted,'moblle system .WI.|| be used, treatment
and constructing an injection well for returning treatedduipment design will generally be limited to determining
water to the aquifer. This analysis assumes that one 28ptimal operating parameters based on the results of the
foot-deep, 4-inch-diameter extraction well will be neededfreatability study. For these reasons, design costs for Case
and that the well can be installed using hollow-stem augérare assumed to be minimal. Design costs are estimated
drilling methods. The well can be drilled, constructed, an&® Pe about 10 percent of the combined costs of
developed for about $70 per foot plus maximum drill rigcenstruction (described above) and first-month r_ental of
mobilization costs of $1,000 (assuming driller mobilizationfhe treatment system. Based on these assumptions, total
from within 100 miles of the site) for a total estimated cosf€Sign costs are estimated to be about $2,500.

of about $2,900. Alternatively, if groundwater monitoring _ _ _ _

wells already exist in the plume area, it is possible that thelotal site preparation costs for this case are estimated to be
may modified to serve as extraction wells (provided th@Pout $29,900.

yield is sufficient), eliminating the need to construct a new

extraction well.
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Table 4-1. Costs Associated with the ZenoGem® Technology - Case 1

Cost Categories ltemized Costs Total Cost
FIXED COSTS: Site Preparation Costs: $29,500
Administrative $10,000
Extraction and Injection Wells 4,000
Pump and Piping 8,000
Treatability Study 5,000
Design Costs 2,500
Permitting and Regulatory Costs 5,000
Mobilization and Startup Costs: 6,400
Treatment Equipment 1,400
Labor 2,800
Utility Connection 2,200
Site Demobilization Costs: 5,100
Disassembly and 1,700
Treatment Equipment 1,400
Site Restoration 2000
Total Estimated Fixed Costs $46,000
VARIABLE: Equipment Costs: $166,200
Treatment Equipment 159,200
Monitoring Equipment 7,000
Labor Costs (routine operating labor) 12,700
Supply Costs: 6,800
Chemical Additives 300
Carbon Columns 6,000
PPE 200
Sampling Supplies 300
Utility Costs (electricity) 7,400
Residual Waste Treatment and 4,200
Analytical Services Costs 10,100
Equipment Maintenance Costs: 10,000
Equipment 4,800
Maintenance Labor 5,200
Total Variable Costs $217,400
TOTAL ESTIMATED FIXED AND VARIABLE COSTS? $263,400
Total cost per gallon treated® $0.50

Notes:
@ Total over a 1-year period.
® Total of 530,000 gallons treated.
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4.4.2 Permitting and Regulatory Costs $2,200. The total assembly costs are about $5,000,
including labor and connection costs.

Remedial actions at Superfund sites must be consistent

with ARARs of environmental laws, ordinances,zenon personnel will also train an on-site operator to

regulations, and statutes, including federal, state, and loda¢rform routine system monitoring necessary to ensure

standards and criteria.  In general, permitting an@ptimal performance. The monthly equipment rental

regu|atory costs are h|gh|y variable as ARARs must b@OStS include the.COSt of this training, so no additional

determined on a site-specific basis. Remediation at RCR{ININg costs are incurred.

corrective action sites requires additional monitoring and

recordkeeping, which can increase regulatory costs. Sitd&tal mobilization and startup costs for Case 1 are

requiring permits for effluent discharge to sewers ofstimated to be $6,400.

surface water bodies may incur significant permitting fees

and associated administrative costs. 4.4.4 Equipment Costs

For estimating purposes, permitting and regulatory costsquipment costs include the costs of renting the
for Case 1 are assumed to be minimal since the primaBenoGerfi treatment system, auxiliary equipment, and
goal is rapid mobilization and protection of a public watemonitoring equipment. For Case 1, Zenon will provide a
supply. Permitting costs would primarily be related tarailer-mounted system that includes the following major
obtaining permits or waivers to allow reinjection of treateccomponents: an influent holding-equalization tank, a
water, and are estimated to be $5,000. No air discharp@reactor, an ultrafiltration module, an air blower, a pH

permits are assumed to be required. buffer tank, a nutrient solution tank, off-gas carbon filters,
permeate carbon filters, and feed, process, and metering
4.4.3 Mobilization and Startup Costs pumps. Zenon will rent the trailer-mounted system for

$13,300 per month. For a 1-year term, the total Zen6Gem

Mobilization and startup costs include the costs fofystem rental costs will be $159,200.
transporting the ZenoGém system and auxiliary o _ _
equipment to the site, assembly and shakedown of tonitoring equipment includes a pH meter,

System’ electrical power Supp|y hookup, and connection ﬁpectrophotometer, and other miscellaneous analytical
the piping systems. equipment. The assumed cost for renting this equipment is

$7,000 for the remedial effort.

Transportation costs are site-specific and vary depending

on distance between the site and the point of mobilizatior].0tal equipment costs for Case 1 are $166,200.
For this analysis, the ZenoGémquipment is assumed to

be transported 500 miles. A cartage company will bé.4.5 Labor Costs (Routine Operating
retained to transport the trailer-mounted treatment system. Labor)

Mobilization and transport costs are about $2.80 per mile,

for a total cost of $1,400 No oversized vehicle highwabnce the System is functioning, it will genera”y operate
permits are assumed to be needed. unattended except for periodic monitoring and routine
maintenance. An on-site operator (trained by Zenon
Assembly costs include the costs of securing the trailegyring the startup phase) should periodically monitor the
assembling the ZenoGémsystem, and connecting system to ensure safe, economical, and efficient operation,
extraction well piping, and hooking up electrical lines.and to conduct sampling activities. Remote monitoring
Zenon provides trained personnel to assemble anghd alarm systems notify Zenon and the on-site operator of
shakedown the ZenoGémystem. Zenon personnel aremalfunctions in the system. Under normal operating
assumed to be trained in hazardous waste site health afghditions, the operator is required to monitor the system
safety procedures, so health and safety training costs &g about 7 hours per week. Time for sampling the influent
not included as a direct startup cost. A two-person crewnd effluent, testing the samples for field parameters
Charged at $70 per hour will work five 8-hour dayS tqtemperature, pH’ DO, COD, TSS), and packaging and

assemble the system and perform the initial shakedowshipping samples for off-site VOC analysis is included in
Electrical connecting costs are assumed to be about

45



this estimate. Assuming a labor charge of $35 per houFor this case, sampling supply costs are assumed to be
total labor costs are estimated to be $12,700 over a 1-yestout $300 for the 1-year period.
period.

Total supply costs for Case 1 are estimated to be $6,800.
Zenon performs periodic routine maintenance activities
for the treatment equipment. These activities andl 4.7 Utility Costs
associated costs are discussed in Section 4.4.11,

Equipment Maintenance Costs. Electricity is the only utility used by the ZenoGem
system. Electricity is used to run the pumps and blowers of
4.4.6 Supply Costs the treatment system, and to power the computer-

controlled operating system, heating and air conditioning,
Supplies required for this analysis of the Zeno&emand on-site analytical equipment. Electricity costs may
treatment system include standard operating supplies sueairy considerably depending on the geographic location of
as treatment chemicals, carbon columns, disposabiike site and local utility rates. Costs for connection to
personal protective equipment (PPE), and samplingxisting electrical lines were included under “Site
supplies. Treatment chemicals include MC-1 cleaner (tBreparation.”
clean the ultrafiltration membranes), available at $6.89 per
kilogram (kg), and phosphorous nutrient available foBased on observations during the SITE demonstration and
$0.25 per kg. Based on observations made during thestimates provided by Zenon, the trailer-mounted system
SITE demonstration, about 24 kilogram of MC-1 cleanepperating for 24 hours draws about 225 kWh of electricity;
and 465 kilogram of phosphorous nutrient will be requiredhis extrapolates to annual electrical energy consumption
to treat 530,000 gallons of water. Total treatmen82,125 kWh. Electricity is assumed to cost $0.09 per
chemical costs are estimated at $300. kwh, including demand and usage charges, resulting in
total estimated electricity costs of about $7,400.
The system may require carbon adsorption for final
polishing of treated effluent to achieve nondetectablel 4.8 Effluent Treatment and Disposal
contaminant concentrations, and for treating off-gases. Costs
The number of carbon columns required is highly site-

specific' and wil depgnd on the flow rate, inﬂuentCleanup goals are assumed to be MCLs. Monitoring is
contaminant concentrations, and qther factors. Based tinely conducted by the operator to ensure that effluent
the results of the SITE demonstration extrapolated to & Js.ats MCL criteria before exiting the system (see

h il lishi i . b | S2ction 4.4.10). As aresult, the effluent can be returned to
that effiuent polishing will require two carbon columns,, . aquifer through an infiltration gallery. Costs for

that will ”e‘?d be 'replaced every 3 months. Off'gaﬁonstructing the infiltration gallery were presented in
treatment will require two additional columns that will Section 4.4.1, Site Preparation Costs. The ZendGem
require r_eplacement every 6 months. Base?' on the§ stem produces air emissions that pass through a carbon
assumptions, a total of 12 carbon columns will be USEghy\mn ‘prior to release to the atmosphere, and carbon
during the 1 year-long project. Assuming replacementjq,niion is used to polish the effluent water before

columns cost about $500 each, total carbon column CO%?Scharge The costs for the carbon columns were

are about $6,000. presented in Section 4.4.6. For these reasons, this estimate
sumes no additional costs will be incurred for the

Supply costs also include costs for Level D disposable PFZ[ atment or disposal of the effluent.

and other sampling supplies. Disposable PPE typically
consists of TyveR' suits, latex inner gloves, nitrile outer . ..
gloves, and safety glasses. Disposable PPE for this caséhid-9 Residual Waste Shipping and

assumed to cost about $200 for the 1-year period. Other Handling Costs

sampling supplies consist of sample bottles and shipping

containers. For routine monitoring, laboratory glasswar@he only residual waste directly produced by the
is also needed. The numbers and types of samplirfenoGerfi process is a waste sludge, which consists of
supplies needed are based on the analyses to be perfornmagtroorganisms and unfiltered wastewater from the
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bioreactor. The sludge generation rate is highly sitesamples may be required to monitor the overall
specific; for this reason, costs for residual waste disposeffectiveness of the remedial program, resulting in
may vary significantly from estimates presented in thigdditional costs.) Additional on-site analyses
document. The volume of sludge can be reduced Kyemperature, pH, DO, COD, and TSS) are performed
continuously recirculating it through the ultrafiltration using in-line or field instrumentation, and incur no
module. This procedure which partially dewaters thedditional costs other than labor and equipment rental,
sludge, reduced the total sludge volume by about 4@hich were addressed in other sections. Based on these
percent during the SITE demonstration. This dewatereassumptions, the analytical costs over a 1-year period are
material is assumed to be a hazardous waste and mustab®ut $10,100.

managed in accordance with applicable regulations. For

this analysis, Zenon estimates that about 3.6 wet tong4. 11 Equipment Maintenance

(about twelve 55-gallon drums) of sludge will require Costs

disposal after the groundwater remediation project has

concluded. Case 1 assumes that this material can Egnon will
removed, transported, and disposed of for about $400 PSlaintenance
ton, resulting in a cost of about $1,400. ’

provide periodic routine equipment
Annual equipment maintenance costs,
excluding labor, are estimated to be about 3 percent of the
. _ C:Tpital equipment costs, for a total of $4,800. Routine
Peripheral trea_tment sys_tems may ge”efat? res'dlﬂ’?laintenance labor requires about 1 hour per week, and
wastes. For .th's pos_t estlmate, carbon polishing of th(? casional backflushing maintenance labor requires about
effluent and air emissions is assumed to generate about ay per month. This results in a total of 148 labor hours
spent carbon canisters over the course of the proje er year. Billed at $35 per hour, maintenance labor costs

These canisters require management as potential e about $5,200. Total equipment maintenance costs for
hazardous wastes. Off-site transport and disposal costs Lse 1 are estimated to be about $10.000

the spent carbon canisters are assumed to be about $175
per canister, resulting in a total disposal cost of $2,800 fo 4.12
the 1-year project. Total costs for disposal of spent carbofi ™

will be highly site-specific, depending on the amount ofS_ q bilization includ hutd
carbon required to achieve target cleanup levels. Ite demabilization includes treatment system shutdown,

disassembly, and decontamination; transportation of the
a;gnoGerﬁ equipment and auxiliary equipment off site;
and site cleanup and restoration. A two-person crew
earning a total of $70 per hour will work about three 8-hour
days to disassemble and decontaminate the system. This
labor will cost about $1,700. This analysis assumes that

. . the ZenoGermequipment will be transported 500 miles at
Sampling frequency and number of samples are S|t%-2 80 per mile for a total cost of $1,400
specific and will depend on treatment goals, contaminant o

cogclentrlatlonsl, gnd A?ﬁ.RS of Iap.phcable feder:al, Statesje cleanup and restoration involves decommissioning
and local reguiations. IS analysis assumes that wee ping and the treatment gallery and optional grading and
samples of untreate_d water and treated effluent will b seeding of the treatment area. The extraction well and
analyzed at an off-site laboratory for VOCs by Methog . injection well will be left in place for possible
8,[24% atdalcgst Otf $19b5 fir sa:;pl(e:. Casel L aTskl)Jmetst forporation into long-term monitoring or remediation
standard faporatory balc Q Q samples (_a orator rograms. The piping between the extraction well and the
blanks, trip blanks, blank spike, and matrix spike/matri

. X . reatment system will be decontaminated before the
spike duplicate [MS/MSD] samples) will be analyzed a reatment system is shut down, and will then be removed

no ad(_jitional cost,_and therefore no additional QC SaMPeng disposed of as nonhazardous material or scrap.
analytilcal 'costs will be incurred. (Qases requiring Sitet1inimal regrading and reseeding will be required, as no
specific, fleld-prgpa_lred M_S/MSD’ f'el_d duplicate, andpermanent concrete pads or structures were used. Total
bl‘."mk samp!es W'I.I incur higher analytical costs. A_‘ISO site restoration costs are estimated to be about $2,000.
this cost estimate includes only those samples required for

system performance monitoring. Additional groundwater

Site Demobilization Costs

Total residual waste management costs for Case 1
assumed to be about $4,200.

4.4.10 Analytical Services Costs
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The total assumed cost of demobilization is about $5,108 The leachate has an initial pH ranging from 8 to 10 that
for Case 1. needs to be adjusted to 7.5 during treatment.

4.5 Case 2 Analysis * No other pretreatment, such as oil separation or solids
removal, is necessary.

For Case 2 analysis, the ZenoGetreatment system is

modular and semipermanent. The system is used to treat
landfill leachate and will be operated for 10 years. Case 2

is presented in order to analyze a purchased system
operating as a long-term wastewater treatment facility.

The total volume of leachate to treat is nearly 5.3
million gallons. This volume corresponds to the
volume treated by the modular unit operating
continuously for 10 years at a flow rate of 1,440 gpd.

) e The site is located in a rural area.
4.5.1 Issues and Assumptions

» Infrastructure existing on or adjacent to the site
This section summarizes major issues and assumptions for consists of electricity lines, access roads, sanitary
Case 2. Due to the long-term nature of the project, Case 2 sewer lines, water lines, and a security fence.
required several assumptions to simplify the cost estimate,
consisting of (1) unit variable costs will remain constant® The ZenoGerhsystem is mobilized to the site from
for the 10-year life of the project; (2) costs are not adjusted Within 500 miles of the site in two semitrailers.
for inflation; and (3) depreciation and salvage value were . .
not included in the cost estimates and do not appear th9-3 Equipment and Operating
significantly affect the overall cost per gallon in this case. Parameters
In general, ZenoGetequipment operating issues and
assumptions are based on information provided by Zengkssumptions regarding equipment and operating
and observations made during the SITE demonstration.parameters for Case 2 are the following:

4.5.2 Waste Characteristics and Site + The treatment system is operated on a continuous flow
Features cycle 365 days per year for a period of 10 years.

The treatment system operates at a flow rate of 1 gpm
for a total of about 1,440 gpd or 530,000 gallons per
year.

Significant assumptions for site-specific conditions in ’
Case 2 are the following:

» The site is a Superfund site located in the northeasterp

U.S The treatment system operates automatically without

the constant attention of an operator and will shut

* The site is a landfill that generates approximately down in the event of system malfunction.

1,440 gallons of leachate per day. « One technician will be needed part time to inspect the

equipment, collect weekly samples, and conduct

» A functioning leachate collection system and sump : !
routine maintenance on the system.

exist on site; however, no functioning leachate

treatment system exists on site. « Zenon performs additional maintenance and

e Contaminants in the leachate can be degraded using modification activities paid by the customer.

the ZenoGerh process but will not be toxic to the
organisms in the bioreactor. Contaminants include
total VOC concentrations of 5,000 mg/L, and COD of «  sampling requirements include monthly influent and
7,000 mg/L. Contaminant characteristics remain  efflyent samples, analyzed at an off-site laboratory for
constant over the life of the project. VOCs, COD, BOD, TOC and metals. DO, pH, and
TSS will be monitored daily through on-site sample
analysis or in-line instrumentation.

* Initial operator training is provided by Zenon.

e Health and safety/PPE Level D (minimal) or E (no
specific requirements) criteria will apply to all site
activities.

48



» The system is mobilized to the site and assembled bByhe concrete pad consists of a 500-square-foot, 6-inch-
Zenon. thick pad sealed with an epoxy coating, and equipped with
berms and sumps to contain potentially hazardous spills.
 Air emissions will pass through carbon prior toAn unreinforced concrete pad can be built for $25 per
discharge to the atmosphere; air discharge permits agguare foot. Based on these unit costs, total cost for the
air sampling are not assumed to be required building and concrete slab is estimated to be $37,500.

* Leachate will be treated and discharged to a sanitayiate and federal hazardous waste regulations typically
sewer for eventual treatment at a local POTW. require leachate management systems, where applicable,

for landfills constructed after 1980. Because this cost

estimate assumes that the landfill is relatively new, a

_ _ _ _ _ functioning leachate collection system is assumed to
This section discusses costs associated with Case 2. Taﬂ?eady be present on site. (Costs for leachate collection

subsections below are organized by the same 12 geneggktems are highly site-specific and can vary by several
cost categories used in the Case 1 analysis, and corresp@jpders of magnitude, depending on the size and depth of
with the 12 general categories in Table 4-2, whichnhe |andfill, volume and characteristics of the leachate to
summarizes the cost data. be managed, applicable regulations, and other factors.)
The system is assumed to consist of a subgrade french
4.6.1 Site Preparation Costs drain and a 2,000-gallon collection sump with a pump and
float-level control at the downstream end. In this case, the
Site preparation costs include administrative, permittingreatment system will be located near the collection sump,
treatment area preparation, and design costs. For Cases@, minimal additional piping (100 feet) is required to
administrative costs will be higher than Case 1 due to thteansfer the leachate to the ZenoGeystem. Costs for
longer remedial period and scale of the project, morpiping and configuring the connection to the indoor
extensive construction activities, higher contaminantreatment system are assumed to be $5,000.
concentrations, the need for off-site management of
treated effluent, and setting up standard operatinfhe system will operate continuously, requiring
procedures for long-term activities (for example, O&M,continuous management of treated effluent. This cost
sampling, and recordkeeping). For this reasongstimate assumes that injection of the treated effluent is
administrative costs related to site preparation for Caseg?actical because the feed waste did not originate in an
are assumed to be $20,000. (Long-term recordkeepirguifer. Assuming the effluent will meet criteria for
costs are discussed in Section 4.6.5, “Labor Costs.”) treatment at a local POTW, discharge to a local sewer
system may prove to be practical and economical if
Treatment area preparation includes constructing existing sewer lines and a POTW are nearby. If a sewer
concrete pad and shelter for the unit. It also includes lme does not exist near the site, the effluent may be stored
leachate collection system, installing piping, a flow meterand transported to a POTW in tankers; however, over a
and a sewer box for disposal of treated effluent, as well asng-term project, this method of effluent management
electrical connections. would incur higher costs. This estimate assumes that the
area near the landfill is serviced by a municipal sanitary
The skid-mounted system is not housed in a protectiveewer line, and that the line is within 200 feet of the
enclosure, so a building with a concrete floor must bé&reatment system, and the local POTW accepts industrial
constructed. The building must be large enough to housgastewater into the system. Combined costs for
the complete system, including the bioreactor, and shoutsbnstructing piping from the system to the sewer line,
have additional space for storage of treatment chemicalsopnstructing a junction box with a manhole and flow
sampling equipment, and other items. The building shoultheter, and connecting the effluent line to the sewer line,
be temperature-controlled, and have potable water argle estimated to be about $10,000. The local sewer district
electricity available. This estimate assumes that a 50@ay also require a one-time sewer connection fee, which is
square-foot, prefabricated metal building, equipped with mcluded under “Permitting and Regulatory Costs”
heating, ventilation, and air conditioning system,Section 4.6.2).
electrical power and water supply, could be constructed on
site for $50 per square foot, not including the concrete pad.

46 Case 2 Costs
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Table 4-2. Costs Associated with the ZenoGem® Technology - Case 2

Cost Categories Itemized Costs Total Cost
FIXED COSTS: Site Preparation Costs: $98,900
Administrative $20,000
Building and Concrete Pad 37,500
Connect to Existing Leachate 5,000
Effluent Connection to Sewer 10,000
Treatability Study 7,500
Design Costs 18,900
Permitting and Regulatory Costs 12,900
Equipment Costs: 148,300
Treatment Equipment 136,000
Auxiliary Equipment 5,300
Monitoring Equipment 7,000
Mobilization and Startup Costs: 9,800
Treatment Equipment 2,800 :
Labor 3,900
Utility Connections 3,100
Site Demobilization Costs 1,700
Total Estimated Fixed Costs $271,600
VARIABLE: Labor Costs (Operating, Admin., and $17,100
Supply Costs: 5,400
Replacement Membranes 800
Treatment Chemicals 2,100
Carbon Columns 2,000
PPE 200
Sampling Supplies 300
Utility Costs (electricity) 28,000
Effluent Treatment and Disposal 1,600
Residual Waste Treatment and 12,700
Analytical Services Costs 14,300
Equipment Maintenance Costs: 9,300
Equipment 4,100
Maintenance Labor 5,200
Total Annual Variable Costs $88,400
TOTAL ESTIMATED FIXED AND VARIABLE COSTS® $1,155,600
Total Cost per gallon treated” $0.22

Notes:

2 Total over a 10-year period.
® Total of 5,300,000 gallons treated.
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As in Case 1, Zenon will conduct a treatability studytotal of $70 per hour will work seven 8-hour days to

before determining the appropriate design specificationassemble the system and perform the initial shakedown.

However, for Case 2, the nature of the feed waste is moféie total assembly costs are assumed to be about $7,000,

complex than Case 1. For this reason, the treatability studycluding labor and connection costs.

is assumed to cost $7,500, including labor and equipment

costs. Total mobilization and startup costs for Case 2 are
estimated to be $9,800.

Design costs include engineering designs for overall site

layout, building and concrete pad specifications, effluent.6.4 Equipment Costs

management system, and any other necessary engineering

services. Treatment equipment design is also included frquipment costs include the costs of purchasing the

this calculation to account for design modifications ZenorenoGerfi treatment system, auxiliary equipment, and

may make prior to mobilizing the system. Total desiginonitoring equipment. According to Zenon, the skid-

costs for Case 2 are estimated to be 10 percent of thgsunted treatment system configured for a 1,440 gpd flow
combined treatment area construction costs (describegte will cost $136,000.

above) and treatment equipment costs. Total design costs

are estimated to be about $18,900. Auxiliary equipment includes a 6,000-gallon reserve
_ _ _ _ holding tank. This tank will serve as a contingency in the

Total site preparation costs for this case are estimated to 8gent that the POTW discharge must be temporarily

$98,900. discontinued or the leachate holding sump’s capacity is
o exceeded for several days. The cost of this tank is assumed
4.6.2 Permitting and Regulatory Costs to be $5,300.

Assumed site-specific factors that result in higheMonitoring equipment includes a pH meter,
permitting costs for Case 2 include more extensivepectrophotometer, and other miscellaneous analytical
construction activities and the need for obtainingequipment. This equipment can be purchased for a total
discharge permits for treated effluent.  For Case Zost of $7,000.

permitting costs are estimated to be 8 percent of the capital

equipment costs (about $10,900), plus a $2,000 sew@&ptal equipment costs for Case 2 are assumed to be
connection fee, for a total of $12,900. $148,300.

4.6.3 Mobilization and Startup Costs 4.6.5 Labor Costs

Mobilization and startup costs include the costs oRoutine operating labor requirements for Case 2 are
transporting the ZenoGéntreatment equipment to the assumed to be about the same as for Case 1 at 7 hours per
site, assembling the system, connecting up to the leachateek. Asin Case 1, remote monitoring and alarm systems
collection and effluent management systems andotify Zenon and the on-site operator of malfunctions in
electricity. the system. The more complex nature of the feed waste

and effluent management system in Case 2 may
For Case 2, the ZenoGE&requipment is assumed to be necessitate more frequent sampling and on-site analytical
transported 500 miles. A cartage company will be retaineakctivities. This estimate assumes that these activities will
to transport the equipment in two semitrailersrequire an additional 8 hours per month. Assuming alabor
Mobilization costs are about $2.80 per mile for eacltharge of $35 per hour, total labor costs for system
trailer, for a total cost of $2,800. No oversized vehicleperation and sampling are estimated to be $16,100 over a
highway permits are assumed to be needed. 1l-year period. Recordkeeping typically associated with

remedial actions and POTW discharge limit reporting is
As in Case 1, Zenon will provide health- and safetyassumed to require an additional 4 hours per month; these
trained personnel to unload the equipment, assemble ttasks could be performed by administrative staff, at an
ZenoGerfi system, connect piping and electricity, andaverage rate of $20 per hour, yielding a total cost of about
shake down the system. A two-person crew charged at a
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$1,000 each year. Based on these criteria, total annuglg. 7 Utility Costs
labor costs are assumed to be about $17,100.

Electricity is used to run the pumps and blowers of the
4.6.6 Supply Costs treatment system, and for heating, cooling, and lighting in

the treatment system shelter building. Water is used for
Supplies required for this analysis of the Zeno&emroutine cleaning, on-site analyses, and other purposes.
treatment system include replacement filter membrane€khis analysis assumes that electrical power lines and water
for ultrafiltration (UF) and reverse osmoses (RO) modulebnes are available at the site.
(Case 1 did notrequire RO modules), treatment chemicals,
carbon columns, disposable PPE, and sampling equipmeBtectricity costs can vary considerably depending on the
According to Zenon, two UF and four RO membranes wilgeographical location of the site and local utility rates.
be replaced every 3 years, equaling a cost of about $5%0is analysis assumes a constant rate of electricity
per year for the UF membranes and $250 per year for titensumption based on the electrical requirements of the
RO membranes, or a total of $800 per year. pumps, mixer, and blowers. According to Zenon, the

system assumed for Case 2 would typically require about
According to Zenon, annual chemical supply requirement800 kWh per day, or 292,000 kWh per year. Electricity is
include 500 liters of pH control (acid) at $0.30 per liter ancgassumed to cost $0.09 per kWh, including demand and
2,225 kilograms of caustic pH control at $0.42 peusage charges. The total annual electricity costs
kilogram; 40 kg of MC-1 cleaner at $6.89 per kilogram, 6qexcluding lighting and HVAC for the building) for Case 2
kilograms of MC-4 cleaner at $12.35 per kilogram, and 54re about $26,300. Lighting, heat, and water costs for the
kilograms of phosphorous nutrient at $0.25 per kilogrambuilding are assumed to be about $150 per month, for a
Total estimated annual treatment chemical costs for Casatal cost of $1,800 per year. These costs result in total
2 are about $2,100. assumed utility costs of about $28,000.

Annual carbon canister requirements for air emissio,6.8 Effluent Treatment and Disposal
filtering are assumed to be the same as for Case 1; four Costs

canisters at $500 each, for a total cost of $2,000. The

system demonstrated at the Nascolite site indicat or Case 2, cleanup goals are assumed to be acceptable for
generally high COD removal efficiency (greater than 8 ' Pg P

0 th hout t of the d trat th isposal at a POTW without carbon polishing. Based on
percent) roughout most of the demonstration wit OUata from the SITE demonstration and current engineering
carbon polishing. For this reason, this cost estimat

Cost guidance, costs for discharge to the sewer and POTW
@re assumed to be about $3.00 per thousand gallons.
Assuming a treatment rate of 530,000 gallons per year,

. . otal costs for effluent treatment and disposal are assumed
Supplies that will be needed as part of the overally e $1 600

groundwater remediation project include Level D

di_sposable PPE and ;ampling aﬂd field analytical_ SlJpl:’"E"“fhe ZenoGerm system produces air emissions that pass
Disposable PPE typically consists of Tyvek suits, Iate)fhrough a carbon column prior to release to the

inner gloves, nitrile outer gloves, and safety glasses. Thé‘&mosphere. The cost of the carbon column was presented
PPE is needed during periodic sampling and maintenan

L . ) fi¥ Section 4.6.6. As a result, no cost for air emissions
activities. Annual disposable PPE costs for this case A& atment is incurred

assumed to be about $200.

meet POTW discharge standards.

Sampling supplies consist of sample containers, ice, arféag Residual Waste Management

shipping containers. For routine on-site monitoring, Costs
laboratory glassware is also needed. For this case, annual _ _ _
Sampling Supp|y costs are assumed to be $300. The Only residual waste dlreCtIy prOdUC@d durlng

ZenoGerfi system operation is a dewatered sludge.

Total annual supply costs for Case 2 are estimated to SdUdge generation rates are highly site specific, and
$5,400. management costs can vary significantly depending on
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frequency of off-site removal, characterization,backflushing requires about 1 day per month, yielding a

transportation costs, disposal requirements, and othtatal of 148 labor hours per year. At a rate of $35 per hour,

factors. For this reason, costs for residual waste dispogakintenance labor costs are about $5,200. Total annual
can vary by orders of magnitude. equipment maintenance costs for Case 2 are $9,300.

Based on data from the SITE demonstration and additionl,6. 12 Site Demobilization Costs
information provided by Zenon, this estimate assumes that

about 30 tons of dewatered sludge will require dispos@ye to long-term requirements for post-closure care and
each year. This material may require management aspgbnitoring, Case 2 assumes only minimal demobilization
hazardous waste. For Case 2, sludge disposal costs gigivities. Site demobilization includes treatment system

assumed to be about $400 per ton, assuming that the sludggitdown, disassembly, and decontamination; treatment
can be stabilized and Iandfilled, for a total cost of $12,00equ|pment remova|; and site C|eanup and restoration.
per year.

A two-person crew earning a total of $70 per hour will
Treatment of air emissions is assumed to generate foliork about three 8-hour days to disassemble and
spent carbon columns per year. As in Case 1, spent carb@contaminate the system. This labor will cost about
canister disposal costs are assumed to be $175 per canis§ar700. Case 2 assumes that the equipment has no salvage
resulting in total annual estimated residual waste diSpOS@éMe, and no costs for removal or disposa| are included.

costs of $12,700. However, potential options include resale, scrapping, or
_ ) long-term storage on site as a contingency for future use, if
4.6.10 Analytical Services Costs the need arises. For example, RCRA post-closure care

requires 30-year site maintenance and monitoring in many
Sampling frequency and number of samples are siteases. Case 2 also assumes that the influent lines and sewer
specific and will depend on treatment goals, contaminamtischarge lines will be plugged and temporarily
concentrations, and ARARs of applicable federal, stat@bandoned; however, the lines will be left in place in the
and local regulations. This analysis assumes that weekdyent that they are needed in the future. The building will
samples of the treated effluent, and monthly samples of the left on site as a staging and storage area for other site
influent leachate, will be collected and analyzed at an offactivities, such as long-term monitoring and maintenance
site laboratory. Analyses will include VOCs at a cost ofctivities.
$180 per sample; total metals at $140 per sample; COD at
$25 per sample; and TOC at $30 per sample. As in CaseBased on these criteria, total demobilization costs are
Case 2 assumes that standard laboratory batch QA/@GSsumed to be about $1,700 for Case 2. Sites requiring
samples will be analyzed at no additional cost, anthore extensive site restoration could incur significantly
therefore no additional QC sample analytical costs will bligher demobilization costs.
incurred. (If required, additional site-specific QC samples

would incur additional costs.) Additional on-site analysegl.7  Conclusions of Economic Analysis
(temperature, pH, DO, COD, and TSS) are performed

USing in-line or field instrumentation during routine For Case 1, a rented System Operating foral year period
operations and incur no additional costs other than lab@gsylted in total fixed and variable costs of about
and equipment rental, which were addressed in othg63,800, based on the assumptions described in Section
sections.  Based on these assumptions, the annugB.1. This total results in a cost of $0.50 per gallon of
analytical costs are estimated to be about $14,300.  groundwater treated. Figure 4-1 and Figure 4-2 shows the
) _ distribution of fixed costs and variable cots for Case 1,
4.6.11 Equipment Maintenance respectively.
Costs
For Case 2, the total estimated costs for the 10-year
Annual equipment maintenance costs, exc|uding |abo|€a0hate treatment periOd resulted in total and variable
are assumed to be about 3 percent of the capital equipmé&f$ts of about $1,200,000, based on the assumptions
costs, for a total of $4,100. Routine maintenance labor f€scribed in Section 4.5.1. This total results in a cost of
assumed to requires about 1 hour per week, and occasiof8t22 per gallon of leachate treated. Figure 4-3 and Figure
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4-4 shows the distribution of fixed costs and variable costs
for Case 2, respectively.

For any particular site remediation project, some cost
categories, such as utility and supply costs, are heavily
dependent on the type of remediation system selected.
However, costs for other items (such as groundwater
extraction systems) would be about the same regardless of
the type of system selected. Some site preparation costs
may not be incurred at all sites. Both Case 1 and Case 2
include costs for feed waste retrieval systems (wells or
leachate collection systems); at many sites, these features
may already exist, or alternate collection systems may be
used, resulting in lower costs. For this reason, costs that
are significantly affected by operation and use of the
ZenoGenfitechnology are shown in bold in Tables 4-1 and
4-2. and are termed direct costs. Costs are bolded in order
to segregate the direct costs of procuring and operating the
treatment equipment from the total costs associated with a
complete groundwater or leachate treatment project.
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$29,500 (64.1%) Site Preparation

$5,100 (11.1%) Site Demobilization

$5,000 (10.9%) Permitting $6,400 (13.9%) Mobilization and Startup

Total estimated fixed costs are $46,000.

Figure 4-1. Case 1 fixed costs.

$166,200 (76.4%) Equipment

$10,000 (4.6 %) Equipment Maintenance

$10,100 (4.6 %) Analytical Services

$4,200 (1.9%) Residual Waste Disposal
g $7,400 (3.4%) Utilities

$6,800 (3.1%) Supply
$12,700 (5.8%) Labor

Total estimated variable costs for 1-year period are $217,400.

Figure 4-2. Case 1 variable costs.
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$1,700 (0.6%) Site Demobilization

$98,900 (36.4%) Site Preparation

$148,300 (54.6%) Equipment

$12,900 (4.7%) Permitting
$9,800 (3.6%) Mobilization and Startup

Total estimated fixed costs are $271,600.

Figure 4-3. Case 2 fixed costs.

$9,300 (10.5%) Equipment Maintenance
$17,100 (19.3%) Labor

$14,300 (16.2%) Analytical Services
) $5,400 (6.1%) Supplies

$12,700 (14.4%) Residual Waste Disposal

$1,600 (1.8%) Effluent Disposal $28,000 (31.7%) Utilities

Total estimated variable costs are $88,400 per year, based on an assumed 10-year operating period.

Figure 4-4. Case 2 variable costs.

56



Section 5
Technology Status

Since the development of the ZenoGetachnology in  additional Zenon technologies can be added to achieve the
1987, Zenon has performed pilot tests and implementespecific recycle objectives.
full-scale operational systems for government and private
clients on several different types of wastewater, includingenon continues to develop the technology and the
oily wastewater, metal finishing wastes, aluminum digrocess. Recently, Zenon has developed an innovative
casting wastewater, circuit board finishing rinse, cleaningeeWee@ hollow fiber member as an alternative to the
solutions containing detergents, alcohol-based cleanir@ermaFlow tubular membrane. Unlike the conventional
solutions, landfill leachate, aqueous paint-strippingkid mounted PermaFIGWubular membrane system, the
wastes, tannery wastewater, pharmaceutical productidallow fiber ZeeWeel membrane is designed for direct
washdown wastewater, chemical and petrochemicahstallation within existing equalization, aeration or
manufacturing and process solution wastewater, industrialarification systems. The elimination of skid mounted
waste transfer station wastewater, glycol deicing fluidszapital equipment reduces capital expenditures as well as
and beverage bottling production wastewater. valuable plant floorspace. The ZeeWeetembrane is an
absolute barrier to the passage of biomass and TSS, like
In addition, information is available on two demonstrationgshe Zenon PermaFIdmubular membrane, but requires
conducted in Canada and the U.S. At the Canadiamly a fraction of the horsepower for the same flowrate.
Department of National Defense fire fighting school, theThis membrane has been installed in many industrial and
ZenoGerfi biological unit was demonstrated onmunicipal wastewater treatment plants, providing
wastewater containing burned and unburned fuel residusignificant operational savings. Its ability to be installed
The system successfully demonstrated the biodegradatianithin existing clarification systems and aeration lagoons,
of aqueous foam formulation compounds (AFFF) anclong with it's low power consumption requirements, has
simultaneous removal of oil and grease, petroleurfaunched its use into large-scale municipal wastewater
hydrocarbons, and suspended solids. The system also viigsatment plants.
demonstrated at the Army Material Command Watervliet
Arsenal, where the ultrafiltration module treated oilyThe use of the patented ZenoGeerhnology in place of
wastewater. Results indicated that the ultrafiltratiorconventional biological treatment technologies is expected
module reduced waste disposal by 70 percent at ta increase. The technology has been proven to be
significant cost savings. effective, and economically viable in a wide range of
applications and markets. As industry changes to meet
Each of these processes have one common problem; higew demands for product, new and more complicated
strength organic contamination. The technology has beevastewater treatment problems will continue to emerge.
applied to wastewater streams ranging from 5,000 mg/Che ZenoGerh technology with the PermaFIéwor
COD to 100,000 mg/L COD, and flows which range fromZeeWeefimembrane is well suited to meet these needs.
100 gpd to 250,000 gpd. The effluent from the ZenoGem
process has met sewer discharge criteria, direct surface
water discharge criteria, and for direct recycle to the plant
in some cases. Ininstances where direct recycle and reuse
are important and the effluent requires polishing,
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Appendix A
Vendor Claims

(Note: All information in this appendix was provided byloading without significant alterations to the existing civil
the vendor, Zenon Environmental Inc. Inclusion of anyworks.

information is at the discretion of Zenon, and does not

necessarily constitute U.S. Environmental Protectiohe threshold size above which organics are retained by

Agency concurrence or endorsement.) the membrane and below which they pass through the
membrane is called the molecular weight cut-off. This
A.1 Introduction value ranges between 0.003 microns to 0.1 microns for

ultrafiltration membranes and depends on the specific

Zenon Environmental Inc. (Zenon) developed thénembrane chemistry and pore size. Integrated membrane
ZenoGerfi process to remove organic compounds fronpioreactor technology has advanced quickly in recent
wastewater. The ZenoG&msystem consists of a Years as improved membrane chemistries and
Suspended growth, activated S|udge System (bioreact(ﬁ?nﬁguraﬁons have prOduced modules with hlgher fluxes
integrated with an ultrafiltration (UF) membrane systemand lower fouling potential.

The UF filters the treated water prior to discharge and the

system recycles the biological solids back to the bioreactéx.2 ~ Advantages of the ZenoGem ©

and recovers higher- molecular-weight soluble materials Process

that would otherwise pass through conventional clarifiers

and filters. These higher-molecular-weight materials ar¢ghe ZenoGem process has the following specific and
returned to the bioreactor for further biodegradation priogignificant technical advantages over alternative oxidation
to ultimate discharge. processes such as activated sludge with clarifiers, fixed

o _ ~ film bioreactors, fluidized bed bioreactors or physical-
Ultrafiltration is a pressure-driven, cross-flow filtration chemical treatment.

process in which water to be processed flows tangentially

over the surface of a membrane filter capable of separating 2 1 process Less Vulnerable to Upsets

both insoluble materials (bacteria, colloids, emulsions,

suspe'nded solids) and higher-molecglar-weight SOIUbL?he most common problem encountered in conventional
materials from the treated water. The filtrate and retenta[ﬁological systems is the loss of biological solids because
are cor_nmonly referred _t_o a permeate and cc_)nce_ntra process upsets or changes in the hydraulic or organic
respectively.  In addition to cross-flow filtration, loading. In a conventional activated sludge system,

alt_ernaztlve v?cuurtn btaze(; ms\r/%l;rl;me separatlon S3I'Stem§rifier performance depends on the settleability of the
using cenon s patented ~ee emoranes are aiso fc - |f an upset occurs and a difficult-to-settle “pin floc”

mtegratec:_ with tr_'ri blore;cto\;vlega;[jhe Zentt))@epnocef?s or “filamentous floc” forms, the biological solids can
conniguration. ese cee membranes ofier easily be lost. In the short term, an effluent high in

s_ignif_icant 990”0”?“3 advgntages over the CrOSS‘ﬂovguspended solids and BOWIll be produced. The effluent
filtration configuration particularly at higher wastewater OD. will remain high until the biological population has
flow rates. In addition, since the membrane is installe eens restored. If an upset occurs in a fixed film-type

directlyé igtobthehbioreactqr, qperatir;]g .facili_ti(_es |m§y ,beoiological system (rotating biological contractor, fluidized
expanded by three to six times their origina eSIgrP)ed) and sloughing occurs, these solids can be lost from
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the system resulting in poor quality effluent. bioreactor are more dispersed and oxygen diffuses more
rapidly to all the cells. In competitive systems, oxygen
In the ZenoGefh process, the effluent quality does nottransfer to the cells at or near the center of a floc or near the
depend on the settleability of the biological floc. Thesurface of a fixed film system is restricted by the cells in
biological solids will be retained even if an upset occurs ithe immediate vicinity. With improved oxygen transfer
the bioreactor. The UF membranes are very robust amdficiency, less aeration is required and operating costs are
experience has proven that the risk of failure resulting ireduced.
the loss of biological solids is very remote.

A.2.7 Smaller Bioreactor Size
A.2.2 Improved Effluent Quality

Since settleability of sludge is not a concern in the
The ultrafiltration membrane provides virtually absoluteZenoGerfi process, high biomass levels can be
suspended solid-liquid separation, thus preventing the logsaintained within the bioreactor. Whereas conventional
of biological solids in the effluent. Furthermore, certairbioreactors cannot maintain higher than 5,000 - 10,000
organics, including free and emulsified oil and grease, amilligrams per liter (mg/L) of bacteria, measured as mixed
retained thereby further improving the effluent quality. liquor volatile suspended solids (MLVSS), the ZenoGem

process is operated at 20,000 - 30,000 mg/L MLVSS. This
A.2.3 Reduced Sludge Production difference means that the ZenoGebioreactor can be

three to six times smaller than a conventional bioreactor,
In contrast with other biological waste treatmentOr the same size bioreactor can handle three to six times

processes, the volume of sludge produced is significantjiore wastewater provided adequate aeration in supplied.
reduced and operation at high solids retention times (up to

100 days) is possible. A.3 Application of ZenoGem © Process
A.2.4 Improved Biological Degradation The ZenoGefh technology has developed quickly in
of Retained Organics recent years as improved membrane chemistries and

configurations have produced modules with higher fluxes

Soluble organics in the wastewater of a size greater thémd Iower_ fouling potentials. The ZenoG*éprqcess IS
the membrane molecular weight cut-off are retained in thlgleally suited for anyone or more of the following:
bioreactor for a period of 15 to 50 times longer than the - N .
hydraulic retention time of the bioreactor (based on ° Wgstevyater containing significant quantities of
wastewater flow rate). As a result, the biological emulsified oil and grease

population has a longer time to mineralize the organics and

better degrade them. e Wastewater containing suspended solids that do

not settle easily
A.2.5 Accurate Control of Sludge Age . Conventional treatment processes cannot

. . produce an effluent that consistently meets the
Because virtually no solids are lost from the permeate discharge requirements

(discharge) stream and the wasting of biological solids is
strictly restricted, the sludge age can be very accurately ,
controlled, and bioreactor performance can be optimized
to the specific wastewater characteristics. Ammonia also
may be removed through nitrification.

Sludge disposal costs contribute significantly to
the treatment cost

*  Treated water may be reused within the plant as
make-up water

A.2.6 Improved Oxygen Transfer
Efficiency «  Along solids retention time is desirable

Oxygen transfer in ZenoGénsystems is improved over ¢ Physical retention of certain soluble components
competitive systems because the biological cells in the is critical to achieving the treatment objectives
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particularly amenable to the treatment of oily wastewater
e Wastewater contains potentially inhibitory or ~ because the ultrafiltration membrane rejects the high-
complex organic compounds molecular-weight oil and grease and keeps the material in
the bioreactor for the entire sludge retention time, not just
. The current biological treatment process re- the hydraulic retention time like conventional clarifier
quires upgrading or expansion based activated sludge systems. This advantage allows
microorganisms more time to mineralize the oil and grease
and leads to an extremely high-quality effluent.
A.4 Case Studies
A.4.3 Closed-Loop, Zero-Discharge

A.4.1 Landfill Leachate Treatment - ZenoGem’ /RO System, Salltillo,
Dectra-Laimont, France Mexico

Dectra-Laimont is a 9-hectare Class | landfill in Franc&Zenon designed, manufactured and installed a closed-
that began operations in 1983. Since 1987, the landfilbop, zero-discharge system for Chrysler Mexico’s engine
received wastes only from local chemical and metainanufacturing plant in Saltillo, Mexico. The plant treats
processing industries. Leachate is pumped from ten shatts much as 40,000 gallons per day of oily wastewater of
at various locations throughout the site to a 1500 cubisufficient quality that it can be recycled directly within the
meters (r)-capacity aerated holding pond. Each dayplant. The ability to recycle wastewater is extremely
approximately 10 fmof leachate is produced. Effluent important in Saltillo as the fresh water is limited tp
discharge from the site is direct to surface water angroundwater. Continued discharge of even mildly
consequent discharge criteria are strict. In addition, theontaminated effluent would eventually seriously impact
leachate composition is variable with frequent fluctuationghe aquifer.
in organic strength and other compounds.

In the process, free oil is removed and the wastewater is
A.4.2 GM Mansfield directed to the ZenoGeétgystem, where the oil and grease

and other organic fractions are removed. The

Zenon installed a ZenoGérsystem followed by double- ultrafiltration permeate is then directed to a reverse
pass reverse osmosis to treat the leachate and discha@§énosis unit for polishing and removal of dissolved
direct to the environment. The ZenoGersystem inorganics and metals. The unit has been operating for
operated at GM’'s Cadillac Luxury Car Division in Over 1 year, producing high-quality water for reuse in the
Mansfield, Ohio to treat 40,000 gallons per day of oilyengine manufacturing plant.
wastewater from tooling, cooling tower blowdown, steam
cleaning booths, baler house, floor washing, and boildpased on the performance data presented in Table A-2 the
blowdown. The wastewater contained primar”yZenoGerﬁ unit is extremely effective at the removal of
emulsified oil and grease, suspended solids, and hea®D while the RO simply provides final polishing.
metals.

A.5 ZenoGem ® Installations
The wastewater is directed through grit screens for gross
solids removal followed by free oil removal by corrugatedlhe following table presents a summary of some of the
plated interceptors. The wastewater then flows to afull-scale ZenoGefinstallation that are operating on a
equalization tank and finally to the ZenoGelnioreactor.  variety of different wastewaters worldwide.
Urea and phosphoric acid are added as nutrient
supplements and sodium hydroxide is used to adjust the
pH.

The system was commissioned in 1992 and has

consistently met or exceeded discharge criteria as
illustrated in Table A-1. The ZenoGé&nsystem is
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Table A-1. GM Mansfield ZenoGem® Performance

Parameters Feed (mg/L) ZenoGem® Discharge
Permeate (mg/L) Criteria (mg/L)
CcOoD 5539 631 -
BOD - 91 200
TO&G 1330 15 50
TPH 1220 9 35
Table A-2. Chrysler Mexico ZenoGem® RO Performance
Parameter Feed ZenoGem® RO
Permeate Permeate
COD 3100 mg/L 390 mg/L 7 mg/L
Table A-3. Summary of ZenoGem® Installations
Plant Wastewater Capacity
(gpd)
GM Windsor, Ontario, Canada Oily 260,000
GM Mansfield, Ohio, USA Oily 40,000
Chrysler Mexico, Saltillo, Mexico Oily 40,000
GM Ramos Arizipe, Mexico Oily 40,000
Secifarma, Milan, Italy Pharmaceutical 32,000
Ferrero, Milan, Italy Food 27,000
Driesen Tannery, Netherlands Tannery 26,000
Recept Composting, Netherlands Leachate 7,000
Dectra Landfill, France Leachate 3,000
Orlick Industries, Ontario, Canada Oily 2,000
IBM, Toronto, Ontario Spent Cleaner 1,000
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Appendix B
Summary of Field Data
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Table B-4. Total Liquid Flow of Influent Stream (M1)

Pump Reading (percent gpm) ‘ Calculated Flow Daily Flow Daily Flow

Date 07:00am_11:00 am 3:00 am __ Average (gpm)* (Liters) (gallons)
02-Sep-94 1 1 1 1 0.692 3,772 996
03-Sep-94 1 1 1 1 0.692 3,772 996
04-Sep-94 1 1 1 1 0.692 3,772 996
05-Sep-94 1 1 1 1 0.692 3,772 996
06-Sep-94 1 1 1 1 0.692 3,772 996
07-Sep-94 1 1 1 1 0.692 3,772 996
08-Sep-94  0.25 0.25 0.25 0.250 0.360 1,961 518
09-Sep-94  0.25 0.25 0.25 0.250 0.360 1,961 518
10-Sep-94  0.25 0.25 0.25 0.250 0.360 1,961 518
11-Sep-94  0.25 0.25 0.26 0.253 0.361 1,969 520
12-Sep-94  0.25 0.25 0.25 0.250 0.360 1,961 518
13-Sep-94  0.25 0.25 0.25 0.250 0.360 1,961 518
14-Sep-94  0.25 0.26 0.26 0.257 0.363 1,977 522
15-Sep-94  0.26 0.26 0.26 0.260 0.364 1,985 524
16-Sep-94  0.26 0.26 0.26 0.260 0.364 1,985 524
17-Sep-94  0.25 0.26 0.26 0.257 0.363 1,977 522
18-Sep-94  0.26 0.26 0.26 0.260 0.364 1,985 524
19-Sep-94  0.26 0.26 0.26 0.260 0.364 1,985 524
20-Sep-94  0.26 0.26 0.26 0.260 0.364 1,985 524
21-Sep-94 0 0 0 0 0 0 0

22-Sep-94  0.26 0.26 0.26 0.260 0.364 1,985 524
23-Sep-94  0.26 0.26 0.26 0.260 0.364 1,985 524
24-Sep-94  0.26 0.26 0.26 0.260 0.364 1,985 524
25-Sep-94  0.26 0.26 0.26 0.260 0.364 1,985 524
26-Sep-94  0.26 0.26 0.26 0.260 0.364 1,985 524
27-Sep-94  0.26 0.26 0.26 0.260 0.364 1,985 524
28-Sep-94  0.26 0.26 0.26 0.260 0.364 1,985 524
29-Sep-94  0.26 0.26 0.26 0.260 0.364 1,985 524
30-Sep-94  0.26 0.26 0.26 0.260 0.364 1,985 524
01-Oct-94  0.26 0.26 0.26 0.260 0.364 1,985 524
02-Oct-94  0.26 0.26 0.26 0.260 0.364 1,985 524
03-Oct-94  0.26 0.26 0.26 0.260 0.364 1,985 524
04-Oct-94  0.26 0.26 0.26 0.260 0.364 1,985 524
05-Oct-94  0.26 0.26 0.26 0.260 0.364 1,985 524
06-Oct-94  0.26 0.26 0.26 0.260 0.364 1,985 524
07-Oct-94  0.26 0.26 0.26 0.260 0.364 1,985 524
08-Oct-94  0.26 0.26 0.26 0.260 0.364 1,985 524
09-Oct-94  0.26 0.26 0.26 0.260 0.364 1,985 524
10-Oct-94  0.26 0.26 0.26 0.260 0.364 1,985 524
11-Oct-94  0.26 0.26 0.26 0.260 0.364 1,985 524
12-Oct-94  0.26 0.26 0.26 0.260 0.364 1,985 524
13-Oct-94  0.26 0.26 0.26 0.260 0.364 1,985 524
14-Oct-94  0.26 0.26 0.26 0.260 0.364 1,985 524
15-Oct-94  0.26 0.26 0.26 0.260 0.364 1,985 524
16-Oct-94  0.26 0.26 0.26 0.260 0.364 1,985 524
17-Oct-94  0.26 0.26 0.26 0.260 0.364 1,985 524

67



Table B-4. Total Liquid Flow of Influent Stream (M1) (continued)

Pump Reading (percent gpm) Calculated Flow Daily Flow Daily Flow
Date 07:00 am 11:00 am 3:00 am Average (gpm)* (Liters) (gallons)
18-Oct-94  0.26 0.26 0.26 0.260 0.364 1985 524
19-Oct-94  0.26 0.26 0.26 0.260 0.364 1985 524
20-Oct-94  0.26 0.26 0.26 0.260 0.364 1985 524
21-Oct-94  0.26 0.26 0.26 0.260 0.364 1985 524
22-Oct-94  0.26 0.26 0.26 0.260 0.364 1985 524
23-Oct-94  0.26 0.26 0.26 0.260 0.364 1985 524
24-Oct-94  0.26 0.26 0.26 0.260 0.364 1985 524
25-Oct-94  0.26 0.26 0.26 0.260 0.364 1985 524
26-Oct-94  0.26 0.26 0.26 0.260 0.364 1985 524
27-Oct-94  0.26 0.26 0.26 0.260 0.364 1985 524
28-Oct-94  0.26 0.26 0.26 0.260 0.364 1985 524
29-Oct-94  0.26 0.26 0.26 0.260 0.364 1985 524
30-Oct-94  0.26 0.26 0.26 0.260 0.364 1985 524
31-Oct-94  0.26 0.26 0.26 0.260 0.364 1985 524
01-Nov-94  0.26 0.26 0.26 0.260 0.364 1985 524
02-Nov-94  0.26 0.26 0.26 0.260 0.364 1985 524
03-Nov-94  0.26 0.26 0.26 0.260 0.364 1985 524
04-Nov-94  0.26 0.26 0.26 0.260 0.364 1985 524
05-Nov-94  0.26 0.26 0.26 0.260 0.364 1985 524
06-Nov-94  0.26 0.26 0.26 0.260 0.364 1985 524
07-Nov-94  0.26 0.26 0.26 0.260 0.364 1985 524
08-Nov-94  0.26 0.26 0.26 0.260 0.364 1985 524
09-Nov-94  0.26 0.26 0.26 0.260 0.364 1985 524
10-Nov-94  0.26 0.26 0.26 0.260 0.364 1985 524
11-Nov-94  0.26 0.26 0.26 0.260 0.364 1985 524
12-Nov-94  0.26 0.26 0.26 0.260 0.364 1985 524
13-Nov-94  0.26 0.26 0.26 0.260 0.364 1985 524
14-Nov-94  0.26 0.26 0.26 0.260 0.364 1985 524
15-Nov-94  0.26 0.26 0.26 0.260 0.364 1985 524
16-Nov-94  0.26 0.2 0.26 0.240 0.355 1937 512
17-Nov-94  0.26 0.26 0.2 0.240 0.355 1937 512
18-Nov-94  0.18 0.18 0.18 0.180 0.329 1792 473
19-Nov-94  0.18 0.18 0.18 0.180 0.329 1792 473
20-Nov-94 041 0.41 0.41 0.410 0.431 2347 620
21-Nov-94  0.41 0.41 0.41 0.410 0.431 2347 620
22-Nov-94 0 0 0 0.000 0.000 0 0
23-Nov-94 16 0 0 5.333 2.612 6228 1645
Total 175,831 46,455
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Table B-5. Total Liquid Flow of Effluent Stream (M4)

Pump Reading (gpm) Average Flow Calculated Daily Flow Daily Flow
Date 7:00 am 11:00 am 3:00 am (gpm) Flow (gpm)* (Liters) (Gallons)

02-Sep-94 0.5 0.51 0.47 0.49 0.485 2643 698
03-Sep-94  0.53 0.555 0.52 0.54 0.526 2866 757
04-Sep-94  0.54 0.53 0.53 0.53 0.524 2857 755
05-Sep-94  0.53 0.5 0.52 0.52 0.508 2768 731
06-Sep-94  0.33 0.28 0.26 0.29 0.285 1554 410
07-Sep-94 0.1 0.1 0.1 0.10 0.098 536 142
08-Sep-94 0.1 0.1 0.1 0.10 0.098 536 142
09-Sep-94 1.04 1.12 1.06 1.07 1.055 5750 1519
10-Sep-94 1.06 0.97 0.98 1.00 0.986 5375 1420
11-Sep-94 0.88 0.89 0.89 0.89 0.872 4750 1255
12-Sep-94 0.78 0.77 0.69 0.75 0.734 4000 1057
13-Sep-94  0.67 0.69 0.67 0.68 0.665 3625 958
14-Sep-94  0.69 0.64 0.65 0.66 0.649 3536 934
15-Sep-94  0.64 0.6 0.65 0.63 0.619 3375 892
16-Sep-94 0.5 0.58 0.6 0.56 0.550 3000 793
17-Sep-94  0.58 0.6 0.58 0.59 0.577 3143 830
18-Sep-94 0.6 0.6 0.6 0.60 0.590 3214 849
19-Sep-94  0.58 0.54 0.52 0.55 0.537 2929 774
20-Sep-94  0.52 0.5 0.48 0.50 0.491 2679 708
21-Sep-94 0 0 0 0.00 0.000 0 0
22-Sep-94 0.5 0.49 0.48 0.49 0.482 2625 694
23-Sep-94  0.58 0.49 0.48 0.52 0.508 2768 731
24-Sep-94  0.55 0.58 0.58 0.57 0.560 3054 807
25-Sep-94  0.53 0.56 0.55 0.55 0.537 2929 774
26-Sep-94  0.55 0.47 0.54 0.52 0.511 2786 736
27-Sep-94  0.52 0.53 0.58 0.54 0.534 2911 769
28-Sep-94 0.43 0.4 0.39 0.41 0.400 2179 576
29-Sep-94  0.36 0.32 0 0.34 0.334 1821 481
30-Sep-94  0.47 0.41 0.43 0.44 0.429 2339 618
01-Oct-94  0.47 0.47 0.47 0.47 0.462 2518 665
02-Oct-94 0.48 0.47 0.46 0.47 0.462 2518 665
03-Oct-94 047 0.46 0.5 0.48 0.469 2554 675
04-Oct-94 0.52 0.46 0.42 0.47 0.459 2500 661
05-Oct-94  0.52 0.48 0.46 0.49 0.478 2607 689
06-Oct-94  0.41 0.42 0.44 0.42 0.416 2268 599
07-Oct-94  0.42 0.42 0.46 0.43 0.426 2322 613
08-Oct-94  0.39 0.38 0.4 0.39 0.383 2089 552
09-Oct-94 0.36 0.36 0.46 0.39 0.387 2107 557
10-Oct-94  0.39 0.42 0.43 0.41 0.406 2214 585
11-Oct-94  0.31 0 0.76 0.54 0.526 2866 757
12-Oct-94  0.45 0.45 0.45 0.45 0.442 2411 637
13-Oct-94  0.45 0.46 0.58 0.50 0.488 2661 703
14-Oct-94 0.48 0.46 0.51 0.48 0.475 2589 684
15-Oct-94  0.53 0.55 0.5 0.53 0.518 2822 745
16-Oct-94  0.57 0.53 0.54 0.55 0.537 2929 774
17-Oct-94  0.53 0.53 0.53 0.53 0.521 2839 750
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Table B-5. Total Liquid Flow of Effluent Stream (M4) (continued)

Pump Reading (gpm) Average Flow Calculated Daily Flow Daily Flow

Date 7:00 am 11:00 am 3:00 am (gpm) Flow (gpm)* (Liters) (Gallons)
18-Oct-94 0.45 0.48 0.47 0.47 0.459 2500 661
19-Oct-94 0.49 0.47 0.45 0.47 0.462 2518 665
20-Oct-94  0.46 0.46 0.44 0.45 0.446 2429 642
21-Oct-94  0.49 0.47 0.48 0.48 0.472 2572 679
22-Oct-94 0.5 0.48 0.52 0.50 0.491 2679 708
23-Oct-94  0.53 0.52 0.51 0.52 0.511 2786 736
24-Oct-94 0.5 0.51 0.5 0.50 0.495 2697 712
25-Oct-94  0.51 0.49 0.49 0.50 0.488 2661 703
26-Oct-94 0.51 0.5 0.5 0.50 0.495 2697 712
27-Oct-94 0.5 0.5 0.51 0.50 0.495 2697 712
28-Oct-94  0.52 0.56 0.51 0.53 0.521 2839 750
29-Oct-94 0.54 0.55 0.54 0.54 0.534 29011 769
30-Oct-94 0.54 0.59 0.61 0.58 0.570 3107 821
31-Oct-94 0.66 0.68 0.71 0.68 0.672 3661 967

01-Nov-94 0.79 0.77 0.8 0.79 0.773 4215 1113
02-Nov-94 0.8 0.8 0.81 0.80 0.790 4304 1137
03-Nov-94 0.81 0.79 0.76 0.79 0.773 4215 1113
04-Nov-94 0.73 0.79 0.73 0.75 0.737 4018 1062
05-Nov-94 0.78 0.77 0.8 0.78 0.770 4197 1109
06-Nov-94  0.69 0.76 0.82 0.76 0.744 4054 1071
07-Nov-94  0.88 0.87 0.91 0.89 0.872 4750 1255
08-Nov-94 0.95 0.97 0.99 0.97 0.953 5197 1373
09-Nov-94 1 0.98 1 0.99 0.976 5322 1406
10-Nov-94  0.97 0.99 0 0.98 0.963 5250 1387
11-Nov-94 1.02 1.01 1.03 1.02 1.003 5465 1444
12-Nov-94 1.01 1.01 0.94 0.99 0.970 5286 1397
13-Nov-94  1.02 1.04 1.03 1.03 1.012 5518 1458
14-Nov-94  0.99 1.03 0.92 0.98 0.963 5250 1387
15-Nov-94 0.7 0.85 0.83 0.79 0.780 4250 1123
16-Nov-94  0.95 0.98 1 0.98 0.960 5233 1382
17-Nov-94  0.96 0.92 0.95 0.94 0.927 5054 1335
18-Nov-94 1.06 1.09 1.04 1.06 1.045 5697 1505
19-Nov-94 1.02 0.91 1.01 0.98 0.963 5250 1387
20-Nov-94 0.94 0.9 0.77 0.87 0.855 4661 1231
21-Nov-94  0.75 0.69 0.69 0.71 0.698 3804 1005
22-Nov-94 0.7 0.52 0.4 0.54 0.531 2893 764
23-Nov-94 0.42 0.41 0 0.42 0.408 2223 587
Total 270,221 71,392
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Table B-6. Oxidation Reduction Potential (mV)

Oxidation Reduction Potential (mV)

DATE S1 S2 S3 S4 S10
07-Sep-94 530 2 -37 170 NA
14-Sep-94 170  -510 -470 230 NA
05-Oct-94 319 -62.5 NA 282 NA

19-Oct-94 335 NA NA 266 NA
02-Nov-94 257 -94 -101 252 246
09-Nov-94 258 NA -108 242 224
16-Nov-94 NA NA NA NA NA
23-Nov-94 330 195 120 227 360

S = Sampling Port
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Appendix C
Summary of Analytical Data
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Table C-1. MMA Analytical Results - September

DATE S1 S2 S3 S4 S10
02-Sep-94 1430 <0.020 <0.020 0.324 NA
03-Sep-94 NA NA NA NA NA
04-Sep-94 1470 NA NA 0.029 NA
05-Sep-94 1300 <0.100 <0.100 0.062 NA
06-Sep-94 1630 NA NA 0.073 NA
07-Sep-94 1810 0.009 0.251 0.287 NA
08-Sep-94 1950 NA NA 0.086 NA
09-Sep-94 1660 0.017 0.325 0.477 NA
10-Sep-94 NA NA NA NA NA
11-Sep-94 1370 NA NA 11.600 NA
12-Sep-94 1600 15.600 18.800 16.800 NA
13-Sep-94 1550 NA NA 7.270 NA
14-Sep-94 1860 <0.020 <0.020 0.007 NA
15-Sep-94 2160 NA NA 0.015 NA
16-Sep-94 567 <0.100 <0.200 <0.010 NA
17-Sep-94 NA NA NA NA NA
18-Sep-94 2250 NA NA <0.010 NA
19-Sep-94 2580 <0.020 <0.020 <0.010 NA
20-Sep-94 NA NA NA NA NA
21-Sep-94 2340 NA NA <0.010 NA
22-Sep-94 2740 NA NA <0.010 NA
23-Sep-94 2300 <0.020 <0.020 <0.010 NA
24-Sep-94 NA NA NA NA NA
25-Sep-94 2450 NA NA 0.018 NA
26-Sep-94 2080 <0.020 <0.020 <0.010 NA
27-Sep-94 2460 NA NA <0.010 NA
28-Sep-94 2290 <0.020 <0.020 <0.020 NA
29-Sep-94 2890 NA NA 0.065 NA
30-Sep-94 3630 <0.040 <0.040 <0.010 NA

<= Less than the reported value. S = Sampling Port

Reported value is the Detection Limit.
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Table C-2. MMA Analytical Results - October

DATE S1 S2 S3 S4 S$10
02-Oct-94 1760 NA NA 0.050 NA
03-Oct-94 1690 <0.040 <0.040 <0.010 NA
04-Oct-94 1960 NA NA <0.010 NA
05-Oct-94 1890 <0.040 <0.040 <0.010 NA
06-Oct-94 1440 NA NA <0.010 NA
07-Oct-94 1600 <0.020 <0.020 <0.010 NA
08-Oct-94 NA NA NA NA NA
09-Oct-94 1600 NA NA <0.015 NA
10-Oct-94 1840 <0.020 <0.020 <0.010 NA
11-Oct-94 1680 NA NA <0.010 NA
12-Oct-94 1650 <0.020 <0.020 <0.010 NA
13-Oct-94 1820 NA NA <0.007 NA
14-Oct-94 1740 <0.020 <0.040 <0.010 NA
15-Oct-94 NA NA NA NA NA
16-Oct-94 1790 NA NA <0.010 NA
17-Oct-94 1910 <0.020 <0.020 <0.010 NA
18-Oct-94 1760 NA NA <0.010 NA
19-Oct-94 1560 <0.020 <0.020 <0.010 NA
20-Oct-94 1980 NA NA <0.010 0.288
21-Oct-94 1780 <0.020 <0.020 <0.010 NA
22-Oct-94 NA NA NA NA NA
23-Oct-94 1900 NA NA <0.010 NA
24-Oct-94 2410 <0.020 <0.020 <0.010 NA
25-Oct-94 2620 NA NA <0.010 NA
26-Oct-94 2120 <0.100 <0.100 <0.020 NA
27-Oct-94 2340 NA NA <0.020 <0.020
28-Oct-94 2220 <0.020 <0.020 <0.020 <0.020
29-Oct-94 NA NA NA NA NA
30-Oct-94 2150 NA NA <0.020 NA
31-Oct-94 2210 <0.020 <0.040 <0.020 <0.020

< = Less than the reported value.
Reported value is the Detection Limit.
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Table C-3. MMA Analytical Results - November

DATE TIME* S1 S2 S3 S4 S$10
01-Nov-94 1890 NA NA <0.010 NA
02-Nov-94 2060 <0.020 <0.020 <0.010 <0.010
03-Nov-94 2120 NA NA <0.010 NA
04-Nov-94 2220 <0.100 <0.100 <0.010 <0.010
05-Nov-94 NA NA NA NA NA
06-Nov-94 2050 NA NA <0.010 NA
07-Nov-94 2360 <0.050 <0.100 <0.100 <0.010
08-Nov-94 800 2020 <0.020 <0.020 <0.020 <0.020
08-Nov-94 1000 7480 <0.020 <0.040 <0.020 <0.020
08-Nov-94 1200 6500 0.011 <0.040 <0.020 <0.020
08-Nov-94 1400 7140 <0.050 <0.400 <0.020 <0.020
09-Nov-94 6220 <0.100 <0.100 <0.010 <0.010
10-Nov-94 9240 NA NA <0.010 NA
11-Nov-94 6480 <0.040 <0.100 <0.010 <0.010
12-Nov-94 NA NA NA NA NA
13-Nov-94 7110 NA NA 0.005 NA
14-Nov-94 7420 <0.200 0.013J <0.010 0.005
15-Nov-94 7830 NA NA 0.004 NA
16-Nov-94 8640 <0.050 0.002J <0.010 <0.010
17-Nov-94 7470 NA NA 0.005 NA
18-Nov-94 7690 <0.020 <0.050 <0.010 <0.010
19-Nov-94 NA NA NA NA NA
20-Nov-94 9450 NA NA 0.004 NA
21-Nov-94 8420 <0.010 <0.025 0.005 0.005
22-Nov-94 9500 NA NA 0.123 NA
23-Nov-94 9090 0.011J <0.006 J 0.021 <0.010

< = Less than the reported value. S = Sampling Port

Reported value is the Detection Limit.
* = Shock Loading
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Table C-7. COD Analytical Results - September (mg/kg)

DATE S$1 S2 S3 S4 S$10
02-Sep-94 4,280 453 257 84 NA
03-Sep-94 NA NA NA NA NA
04-Sep-94 NA NA NA NA NA
05-Sep-94 2,750 95 367 153 NA
06-Sep-94 3,820 75 3,500 142 NA
07-Sep-94 2,990 974 1,040 550 NA
08-Sep-94 3,970 NA NA 277 NA
09-Sep-94 4,310 812 852 852 NA
10-Sep-94 NA NA NA NA NA
11-Sep-94 3,740 NA NA 809 NA
12-Sep-94 4,140 2,360 2,360 863 NA
13-Sep-94 4,140 NA NA 600 NA
14-Sep-94 3,680 2,130 1,810 501 NA
15-Sep-94 5,380 NA NA 256 NA
16-Sep-94 1,490 4,010 10,000 321 NA
17-Sep-94 NA NA NA NA NA
18-Sep-94 6,510 NA NA 120 NA
19-Sep-94 6,890 9,243 746 390 NA
20-Sep-94 NA NA NA NA NA
21-Sep-94 NA NA NA NA NA
22-Sep-94 6,680 NA NA 909 NA
23-Sep-94 7,380 6,310 5,620 1,160 NA
24-Sep-94 NA NA NA NA NA
25-Sep-94 6,920 NA NA 437 NA
26-Sep-94 6,760 14,100 13,400 444 NA
27-Sep-94 6,990 NA NA 922 NA
28-Sep-94 13,600 14,200 14,000 460 NA
29-Sep-94 4,150 NA NA 470 NA
30-Sep-94 7,450 8,892 14,388 838 NA

S = Sampling Port
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Table C-8. COD Analytical Results - October (mg/kg)

DATE $1 S2 S3 S4 S$10
02-Oct-94 5,183 NA NA 528 NA
03-Oct-94 4,880 9,752 11,910 14 NA
04-Oct-94 4,518 NA NA 843 NA
05-Oct-94 4,497 11,140 11,850 431 NA
06-Oct-94 4,040 NA NA 771 NA
07-Oct-94 2,932 13,740 14,930 562 NA
08-Oct-94 NA NA NA NA NA
09-Oct-94 5,380 NA NA 10 NA
10-Oct-94 4,700 7,250 8,970 362 NA
11-Oct-94 4,910 NA NA 532 NA
12-Oct-94 5,170 15,100 12,400 545 NA
13-Oct-94 4,960 NA NA 447 NA
14-Oct-94 5,450 18,800 19,400 418 NA
15-Oct-94 NA NA NA NA NA
16-Oct-94 4,500 NA NA 483 NA
17-Oct-94 5,410 2,910 2,990 469 NA
18-Oct-94 4,600 NA NA 662 NA
19-Oct-94 4,830 19,200 16,500 782 NA
20-Oct-94 NA NA NA NA NA
21-Oct-94 4,450 11,300 20,700 566 NA
22-Oct-94 NA NA NA NA NA
23-Oct-94 2,430 NA NA 1,190 NA
24-Oct-94 6,060 19,700 20,900 1,880 NA
25-Oct-94 6,340 NA NA 1,620 NA
26-Oct-94 6,140 20,400 19,200 1,550 NA
27-Oct-94 5,820 NA NA 1,250 1,090
28-Oct-94 5,910 19,400 18,100 481 NA
29-Oct-94 NA NA NA NA NA
30-Oct-94 5,060 NA NA 351 NA
31-Oct-94 5,200 9,530 18,800 516 64

S = Sampling Port
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Table C-9. COD Analytical Results - November (mg/kg)

DATE TIME* S1 S2 S3 S4 S$10
01-Nov-94 5,230 NA NA 513 NA
02-Nov-94 5,980 19,400 19,800 408 441
03-Nov-94 5,300 NA NA 405 NA
04-Nov-94 6,140 18,200 24,100 405 78
05-Nov-94 NA NA NA NA NA
06-Nov-94 5,770 NA NA 1,290 NA
07-Nov-94 6,400 21,500 11,800 1,320 75
08-Nov-94 800 5,910 25,700 2,770 1,170 100
08-Nov-94 1000 16,300 17,900 27,200 1,080 138
08-Nov-94 1200 19,600 20,000 21,400 1,180 121
08-Nov-94 1400 18,500 13,300 21,100 1,260 1,040
09-Nov-94 20,600 22,400 12,500 1,520 93
10-Nov-94 20,200 NA NA 1,450 NA
11-Nov-94 18,100 2,590 13,000 60 56
12-Nov-94 NA NA NA NA NA
13-Nov-94 17,100 NA NA 627 NA
14-Nov-94 19,900 2,030 3,690 1,020 177
15-Nov-94 19,200 NA NA 2,140 NA
16-Nov-94 18,400 18,200 6,540 823 218
17-Nov-94 16,200 NA NA 355 NA
18-Nov-94 20,700 2,380 2,170 860 283
19-Nov-94 NA NA NA NA NA
20-Nov-94 21,900 NA NA 1,220 NA
21-Nov-94 21,400 3,740 4,170 1,010 436
23-Nov-94 21,400 3,740 4,170 1,010 436

* = Shock Load
S = Sampling Port
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Table C-13. TSS and VSS

Total Suspended Solids (mg/L)

Volatile Suspended Solids (mg/L)

DATE S1 S4 S10 S1 S4 S10
02-Sep-94 12 1 NA 12 1 NA
02-Sep-94 14 14
05-Sep-94 9 1 NA 9 1 NA
07-Sep-94 7 1 NA 7 1 NA
09-Sep-94 7 1 NA 6 1 NA
12-Sep-94 19 1 NA 16 1 NA
14-Sep-94 6 1 NA 5 1 NA
16-Sep-94 10 1 NA 9 1 NA
18-Sep-94 9 1 NA 7 1 NA
23-Sep-94 7 1 NA 7 1 NA
23-Sep-94 NA 1 NA NA 1 NA
26-Sep-94 10 1 NA 9 1 NA
28-Sep-94 5 1 NA 4 1 NA
30-Sep-94 3 1 NA 3 1 NA
01-Oct-94 3 2 NA 3 2 NA
05-Oct-94 3 1 NA 3 1 NA
07-Oct-94 5 1 NA 5 1 NA
10-Oct-94 4 1 NA 4 1 NA
12-Oct-94 16 1 NA 10 1 NA
14-Oct-94 36 1 NA 22 1 NA
16-Oct-94 17 1 NA 9 1 NA
19-Oct-94 10 1 NA 6 1 NA
21-Oct-94 8 1 NA 5 1 NA
24-Oct-94 15 1 NA 10 1 NA
26-Oct-94 14 1 NA 12 1 NA
28-Oct-94 14 0.5 NA 12 0.5 NA
31-Oct-94 11 1 1 9.6 1 1
02-Nov-94 10 1 1 8 1 1
04-Nov-94 13 1 1 9 1 1
07-Nov-94 48 1 1 40 1 1
08-Nov-94 18 2 1 15 1 1
08-Nov-94 100 1 1 72 1 1
08-Nov-94 66 1 1 51 1 1
08-Nov-94 71 1 1 52 1 1
09-Nov-94 46 1 1 38 1 1
11-Nov-94 43 1 1 34 1 1
12-Nov-94 19000 1 1 17000 1 1
16-Nov-94 39 1 1 28 1 1
18-Nov-94 33 1 1 30 1 1
20-Nov-94 30 1 1 27 1 1
23-Nov-94 NA 1 1 NA 1 1
28-Nov-94 NA NA 9100 NA NA 6300
28-Nov-94 NA NA 49000 NA NA 39000

Notes:

NA - Not Analyzed
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Table C-14. TOC (mg/L)

STREAM

DATE S1 S4 S10
02-Sep-94 500 120 NA
16-Sep-94 900 800 NA
30-Sep-94 800 120 NA
14-Oct-94 900 140 NA
28-Oct-94 800 170 26
09-Nov-94 3100 340 140
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